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The research of this thesis focuses on the study of sprays produced by twin fluid air-blast 
atomisers and the main objective is to study the liquid jet break-up mechanism and relate it to the 
downstream spray characteristics. Two different air-blast atomiser geometries are used; coaxial, 
where the liquid co-flows with the gas stream, and the liquid jet in a gaseous cross-flow. The thesis 
describes advanced and novel measurements to reveal the temporal and spatial development of the 
liquid flow and its interaction with the surrounding gas stream. 
Initially, the break-up process is studied by measuring the characteristics of the continuous liquid 
jet. Techniques such as electrical conductivity, high-speed shadowgraphy and optical connectivity 
were used to characterise the atomisation process. The latter is a novel laser-based technique used to 
illuminate internally the continuous liquid column by introducing a laser beam within the liquid 
nozzle, while a fluorescent dye in the liquid ensures that the whole volume of the liquid is visualised. 
The laser light propagates downstream while reflecting on the gas-liquid interface to be interrupted at 
the break-up position, where the light is scattered and diffuses widely. In the case of a jet in a cross-
flow gas stream the fluorescent intensity images were recorded from two different angles to reveal the 
various features involved in the liquid jet structure. The study of the spatial and temporal 
characteristics of the instabilities and the developed surface waves on the liquid column can provide 
information on jet morphology and a better understanding of the physics that elicit the break-up 
phenomenon. For that purpose, Proper Orthogonal Decomposition (POD) is applied to reveal the 
various flow scales and elucidate the mechanism of transfer of momentum from the gas to the liquid 
flow. The most energetic modes are used to describe the jet interface dynamics that may well define 
the formation of the downstream droplet sizes. 
Interferometric Laser Imaging for Droplet Sizing (ILIDS) was also used for planar measurements 
of droplet sizes and velocities. ILIDS images the scattered light from droplets in an out-of-focus mode 
at different streamwise distances from the nozzle exit to obtain interference fringe patterns associated 
with each droplet. The spacing of each fringe pattern is proportional to the corresponding droplet 
diameter. Instantaneous droplet clustering is measured along with the primary atomisation process and 
the liquid jet break-up characteristics are correlated with the downstream droplet sizes. Several time 
delays are used between optical connectivity and ILIDS measurements to capture the various classes 
of droplet sizes that travel with different velocities from the break-up region to the downstream spray 
location. The small droplets travel faster and move with a velocity similar to the gas flow, in contrast 
to the larger droplets, which are conveyed to the size measuring region with a lower velocity and, 
therefore, higher time delays. A conditional correlation method was developed to reduce statistical 
uncertainties. Negative correlations were found between the break-up length of the liquid jet and 
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downstream number of droplets, indicating that they are inversely proportional. The relation between 
the break-up length and droplet Arithmetic and Sauter Mean Diameters seems to be more complex 
since a sinusoidal relation was extracted. The estimated correlation coefficients varied with time delay 
and a repeatable trend was observed which exposed the coherent behaviour of the break-up process 
and its frequency, revealing that it is not a random phenomenon, but rather a multifaceted mechanism 
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Chapter 1 -  Introduction 
 
1.1. Motivation 
Sprays are of primary importance in modern life and have a broad range of applications, 
especially in engineering. Sprays are present in internal combustion engines (both gasoline and 
diesel), gas turbine engines, rocket engines, power generation burners, nuclear reactor core cooling 
and in many other industries, including fire-fighting, dust control, agriculture, metallurgy and 
pharmacy. The need for higher efficiency in engines used in these areas led to the study of the spray 
characteristics by aiming at a the better understanding of the structure formed and the development of 
techniques and models that would explain and establish important parameters of the atomisation 
process. The study of the structure of the resulting sprays is essential, especially in combustion 
engines, because the understanding of the atomisation process could improve the efficiency of 
combustion, reduce fuel consumption and decrease the pollutant emissions. 
Atomisation is the process through which the liquid bulk disintegrates into droplets to form 
sprays. It has been demonstrated by several investigations that the structure of a spray is not random, 
although it is complex, and there are physics behind the atomisation mechanism that need to be 
understood. The present investigation focuses its interest on air-blast atomisation with water and air 
used as the working fluids. In air-blast atomisers the gas is restricted in a narrow tube and moves with 
a high axial velocity. When the cylindrical liquid column exits the liquid tube, it is stripped by the 
surrounding air-stream and disintegrates to form a fine spray of droplets and ligaments. As the gas 
travels with a much higher velocity than the liquid, the atomisation is introduced by the kinetic energy 
transfer from the gas to the liquid flow, which provides the energy required to overcome surface 
tension and breaking the liquid. 
Atomisation is divided into two regions. The first is called primary and takes place near the 
nozzle. In this region, the action of internal forces, such as turbulence, inertia effects and shear forces 
on the gas-liquid interface are responsible for the break-up of the liquid jet into droplets and 
ligaments. The liquid jet remains continuous over several liquid jet diameters downstream from the 
nozzle exit, depending on flow conditions such as the liquid and gas velocities, the nozzle geometry 
and the physical properties of the two working fluids. Secondary atomisation region can be described 
as the further break-up of the bulks of liquid and drops. This action occurs after the initial break-up of 
the liquid column and takes place further downstream from the nozzle exit. The surrounding gas 
causes the further deformation of droplets and ligaments. Hence, secondary atomisation involves the 
action of aerodynamic forces in addition to those present in primary atomisation. Aerodynamic forces 
act directly on the surface of the liquid ligaments and drops, formed during primary atomisation, and 
break them up further into smaller droplets. 
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The mechanism through which the liquid column is deformed into droplets is of great importance 
and its disclosure may lead to the prediction of the characteristics of the atomisation products and the 
dynamic behaviour of the liquid jet. By “characteristics of the liquid jet and products” we mean the 
length of the continuous core of the liquid jet, known as break-up length, droplet velocities and size 
distributions and other downstream characteristics, which are determined by the type of atomisation. 
An accurate detection of the break-up length can define the extension of the primary atomisation 
region (Figure 1-1) and predict the downstream atomisation products. Such information is essential 
for the development of computational models that can predict the atomisation process and can 
contribute to a further improvement of the combustion process, as it is determined by the structure of 
the mixture of fuel and air introduced into a combustion chamber. The challenge is to achieve a 
mixture of fine droplets because fine sprays lead to more efficient and homogeneous combustion. 
Therefore, it is important to be able to produce sprays with an unambiguous structure and specific 
characteristics. The break-up of the continuous liquid column should occur as soon as possible in a 
combustion chamber so that quicker evaporation can be achieved. The latter will contribute to a more 
efficient ignition. In general, the break-up length can determine the downstream spray characteristics 
which are highly considered in a combustion process, especially nowadays when a lot of attention is 
paid to the reduction of combustion emissions and fuel consumption. 
 
 
Figure 1-1. Break-up length of an atomised jet. 
 
Drop velocities and size distributions determine the quality of atomisation and define the shape 
and penetration of the resulting spray and, therefore, its effectiveness as far as combustion is 
concerned. The significance of the described parameters and the need to develop models that would 
describe accurately the process, directed the research endeavors towards the correlations between the 
liquid break-up and the downstream droplet sizes. Weber [1] proposed a common Weber number 
correlation, which is defined in Equation 1-1. Engelbert et al. [2] observed that the significant 
reduction of the surface tension (around 30%), which was achieved by increasing the water 
temperature, had a negligible effect on the break-up length. Consequently, it was found that the 
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Weber number is not adequate on its own to describe the atomization process. They suggested that the 















2 ) ratios, at least for fluids with specific properties. Later, other researchers 
([3], [4]) have focused on correlating the break-up length and the downstream droplet sizes on a 




2). Nonetheless, the physics behind the atomisation process are not 
yet fully understood. Thus, this scaling approach cannot be applied with confidence to the general 
process of atomisation. In [3] it was shown that for the cases of large initial aerodynamic Weber 
numbers and high gas Reynolds numbers, the continuous liquid jet core depends mainly on the gas to 
liquid momentum ratio, while in earlier investigations, the momentum flux ratio had not been 
considered as the determining parameter of the break-up length. The results emphasized the relevance 
of the momentum ratio to the break-up process and highlighted the need for a better understanding of 
the atomisation process by adopting a novel scaling approach based on the momentum ratio. In [3], it 
was initially believed that the mechanism of formation of droplets and ligaments depends on the 
aerodynamic Weber number but it was then concluded that the break-up process is a combined 
mechanism that also involves the interfacial of gas and liquid and Rayleigh-Taylor instability of the 
liquid jet. A break-up model based on the waves formed at the gas-liquid interface by the primary 
shear instability was also presented. Lasheras and Hopfinger [5] indicated that, when the gas to liquid 
Momentum flux ratio, MFR, is much smaller than 1, the length of the continuous liquid jet is mainly 
determined by the properties of the liquid jet and, when it is larger than 1, by the gas stream 
properties. They also explained that there is a critical value of MFR, around 50, and if this value is 
overcome turbulent gas is formed downstream the liquid core. 
Therefore, it is clear from the above that the physics of the atomization process are not yet well 
understood. This justifies a study of the primary and secondary atomization process in order to obtain 
a new understanding. The remaining part of the introduction will review the literature and identify 




1.2. Types of atomisers 
The characteristics of the atomisation products also depend on the geometry of the atomiser used 
and the initial flow conditions. There are several types of atomisers, the commonest of which are 
pressure, rotary and twin-fluid atomisers. Pressure atomisers use only highly pressurised liquid and 
produce a high pressure drop during which the pressure energy is converted into kinetic energy, by 
which the atomisation process is achieved. There are plain orifice pressure atomisers, dual orifice, 
simplex, duplex and other types which are named according to their geometry (Figure 1-2) [6]. The 
interest of this project is limited to twin-fluid atomisers and specifically to air-blast atomisers which 
differ significantly from pressure atomisers because they atomise the liquid column through the use of 
the energy of the high speed gas flow. The intention of the present investigation is to apply the 
findings to gas turbine engines, and since air-blast atomisers are ideal for representing the atomising 
process of liquid fuels in continuous-flow combustion systems, several experimental techniques 
performed in such atomisers will be applied to sprays. Gas turbines belong to the group of continuous-
flow combustion systems as gas velocities are usually of the same magnitude. The operating principle 
of air-blast atomisers is the same with that of every other air-assist atomiser; the liquid is discharged 
in an airstream flow of high velocity. However, the main difference is that air-blast atomisers use 
large quantities of air at relatively low velocities (highest velocity is usually around 120 m/s) in 
contrast to the other air-assist atomisers. 
 
 
Figure 1-2. Different types of atomisers: (a) Pressure atomisers, (b) Rotary atomisers, (c) Twin-fluid 
atomisers [6].  
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1.3. Liquid jet instabilities 
While the liquid jet is develops downstream of the nozzle, the initially small disturbances grow 
on its surface and lead to disintegration into ligaments and eventually to drops. Matas and Cartellier 
[7] formulated that when there is not a total break-up of the liquid jet during the primary atomisation 
process, large-wavelength instability is formed and the jet can break into large liquid fragments. They 
called this “flapping” instability and showed that it acts on the liquid jet to destabilize its boundaries 
by forcing its movement around its axis. The effect of this instability becomes noticeable at high 
Weber numbers and in such occasions it leads to the formation of fine ligaments at the tip of the liquid 
jet. The fragmentation of such ligaments leads to the formation of droplets, the average size of which 
decreases as the Weber number increases. Matas and Cartellier [7] also found out that the flapping 
instability becomes the dominant mechanism in the break-up of the jet when the gas velocity 
decreases. This is a condition that leads to the reduction of the Kelvin-Helmholtz and Rayleigh-Taylor 
instabilities. These two instabilities can occur only when there is an adequate velocity difference 
across the interface of the two fluids, otherwise their effectiveness could be considered as negligible. 
Their existence can be attributed to the surface tension, which acts to break a cylindrical jet into a 
stream of droplets that have the same volume but lower surface area. 
Marmottant and Villermaux [8] have stated that in the case of the atomisation of a liquid by a gas 
with high velocity, the liquid ligaments stretch and display two types of behaviour: in the case of slow 
extension they behave as a bridge and in the case of fast as a cylindrical ligament. Finally, they break 
up into droplets, whose size is determined by the break-up process. Many researchers tried to identify 
the type and nature of the instabilities that cause the break-up of ligaments and correlate them with the 
downstream spray characteristics to understand how these instabilities determine the spray structure 
produced. 
Eggers and Villermaux [9] focused on the surface tension effects between two flows and the 
formation of boundary layers at the walls of the conveying channels, which alter the velocity profiles. 
They demonstrated that these two effects are determining in atomisation process when the velocity 
difference between the two parallel streams is adequate. In this case, shear instability is developed 
which destabilizes the liquid/gas interface. This is applicable in air-blast atomisers, which are studied 
in the present investigation. Matas and Cartellier [9] measured the frequency and the growth rate of 
shear instability and found out that the strong spatial variations endorsed the rapid development of this 
instability. In [5], it was shown that when the interfacial waves are amplified, liquid sheets with 
thickness equal to the thickness of the boundary layer, δ, at the nozzle exit are formed. These sheets 
then break into droplets with a size proportional to δ. 
Eggers and Villermaux [9] also demonstrated that any perturbations with sufficiently large-scale 
wavelength will result in the increase of surface energy, causing this way the growth of the 
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perturbations. As these perturbations are squeezed within thin liquid layers, the jet suffers a Rayleigh-
Taylor instability, which destabilizes its free surface. 
The behaviour and type of all the instabilities that develop during the atomisation process and 
their interactions create a dynamic non-linear observation that demands thorough study to understand. 
 
1.4. Characterisation of the atomisation process 
The main physics of the atomisation process can be described by certain dimensionless numbers. 
The use of such dimensionless numbers permits the conversion of the boundary flow conditions to a 
common basis and the comparison between different investigations. Each number is an indication of 
specific physical properties of the flow. The most important dimensionless numbers that are used to 
describe the process of atomisation are the Weber number (We), the Reynolds number (Re), the 
Momentum Flux Ratio (MFR), the Momentum Ratio (MR) and the Ohnesorge number (Oh). More 
details are given in the following section [6]. 
 
The Weber number (We) 
The Weber number is a useful number in analysing the interface between two different fluids. It 
is defined as the dimensionless ratio of the momentum force to the surface tension force. The equation 





    (Equation 1-1) 
It is named after Moritz Weber and its practical contribution to the atomisation process is to 
correlate the drop size data. Its value shows the tendency of the drag forces, which are created by the 
opposition of the airstream to the liquid surface and contribute to the disintegration of the liquid 
column. Surface tension is the property of the liquid that resists the expansion of the liquid surface 
area. Therefore, the atomisation will be achieved when the surface tension forces are overcome by 
aerodynamic forces. The initial condition for liquid break-up is achieved when the aerodynamic drag 
is equal to the surface tension force and the critical Weber number is defined as [2]: 
Wecrit. = 12(1 + 1.077 Oh
1.6)            (Equation 1-2) 
where Oh is the Ohnesorge number and is given by Equation 1-14. The critical value of We number is 
12, for Oh around 10−4 and for water and air as working fluids. It is concluded that the higher the 
Weber number becomes, the finer the atomised spray will be because the process will be attained 
more easily and the bulks of liquid will be disintegrated vigorously into smaller droplets. Therefore, 
the Weber number could be an indication of the resulting droplet size distribution. For low viscosity 
liquids, such as water, subjected to gas with a high velocity, We becomes the dominant parameter of 









The liquid Reynolds number (Re) 
It is the dimensionless ratio of inertial or momentum liquid forces to viscous drag forces (or 
dynamic viscosity of the liquid). It describes the flow state of the jet in terms of both velocity profile 
and the magnitude of the radial velocity components that promote jet disintegration. It was firstly 
introduced by George Gabriel Stokes in 1851 but it is named after Osborne Reynolds who spread its 
use in 1883. The use of a high viscosity liquid leads to the decrease of the Reynolds number and 
delays the development of any natural instability in the jet. It also results in the production of a 
coarser spray because of the higher radial velocity components that are produced on the liquid 
surface. Both water and diesel are liquids with low viscosity. Therefore, they are ideal for working 
fluids in atomisation as they can produce fine sprays.  
Rayleigh’s mechanism states that at low Reynolds numbers, the jet disintegrates into large drops 
of a uniform size. According to Ohnesorge mechanism, at intermediate Re, jet oscillations cause the 
liquid jet break-up. The magnitude of these oscillations increases with air resistance (or with an 
increase of air velocity) until the complete disintegration of the jet is achieved. In air-blast atomisation 
a wide range of droplet sizes is produced. Finally, at high Re numbers atomisation is completed within 
a short distance from the nozzle and the primary atomisation region becomes very small. This is 
because of the high ratio of the momentum liquid forces to the viscosity of the liquid, which shows 





              (Equation 1-4) 
 
The Momentum Flux Ratio (MFR) and the Momentum Ratio (MR) 







           (Equation 1-5) 
and since mass flow rate is ?̇? = 𝐴. 𝑈. 𝜌, where U is the velocity and ρ the density of the fluid, then: 
Φ = ρ U           (Equation 1-6) 
Momentum Flux is defined as the product of mass flux (Φ) and velocity (U): 
MF = ρ U2            (Equation 1-7) 





2               (Equation 1-8) 
The momentum (?̇?) is the product of the mass flow rate (𝑚)̇  and velocity (U): 
Ṁ = ṁ U =
π D2
4
 ρ U2        (Equation 1-9) 











     (Equation 1-10) 













2      (Equation 1-12) 
MR and MFR indicate the ratio of the liquid momentum to the surrounding gas momentum. For lower 
values of the liquid to gas momentum ratio and for the same fluids, the gas velocity becomes much 
higher, compared to the liquid jet velocity, and the liquid jet is atomised at a shorter distance from the 
nozzle. As long as the fluids and the geometry of the atomiser are kept the same, this ratio depends 
exclusively on liquid velocity, 𝑈𝑙𝑖𝑞., and gas velocity, 𝑈𝐺 . In this case, the MFR can be used instead of 
MR. MR also includes the geometry of the liquid and gas nozzle and can be used in comparing the 
applied flow conditions in different atomiser geometries. 
 
The Ohnesorge number (Oh) 
It is described by the ratio of the square root of the We number to the Re number. This ratio 
eliminates the velocity of both and is an indicator of jet stability. Moreover, it relates the viscous 
forces to the inertial or drag forces created by the gas stream and the liquid surface tension forces. It 
can only be applied to primary atomisation before the ligaments break-up into smaller droplets 
because it contains the properties of ligaments formed in primary atomisation. Its characteristic is to 




           (Equation 1-13) 




              (Equation 1-14) 
In order to atomise a liquid jet, the Oh number should be of such magnitude that the viscous forces do 
not inhibit break-up. 
Figure 1-3 shows the atomisation regions for different values of Oh and Re numbers [6]. 
According to this, the atomisation process can be divided into three regions, which depend on Re 
number. For a given liquid and the same configuration, the Oh number remains constant and the 
atomisation process depends on the Re number as follows: 
I. The first region is the Rayleigh mechanism of break-up and occurs at low Reynolds numbers. 
As explained earlier, in these conditions the liquid jet is disintegrated into relatively large 
uniform droplets. 
II. The second region is where the jet break-up is controlled by the produced instabilities, at 
moderate Reynolds numbers. The formed waves are amplified with the increase of air flow 
and various droplet sizes are produced. 
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III. In high Reynolds numbers the break-up occurs in short a time near the nozzle.  
 
 
Figure 1-3. The atomisation regions in relation to the Re number variation [6]. 
 
The main objective of this thesis is to correlate the primary break-up process of liquids to the 
downstream droplet sizes. Different scaling approaches including the Momentum Flux ratio will be 
considered. Moreover, the resulting droplet size dispersion has to be linked to the instabilities that 
develop on the liquid column. It is believed that the droplet size is in a way proportional to the 
wavelength of the surface instabilities. These correlations have been considered in coaxial air-blast 
atomisers but not much research has been accomplished in cross-flow atomisers and even less in the 
cases where a swirling air flow is used. The aim of this work is to evaluate the physics of atomisation 
in both geometries, and try to explain the liquid jet deformation mechanism which is different in the 
two atomiser geometries. The mechanism of deformation is better known in the case of the coaxial 
atomiser where the jet deformation leads to a droplet break-up, in contrast to the case of a jet in a 
cross-flow where the deformation may lead to a liquid sheet break-up before the droplet formation. In 
addition, the interaction between the liquid droplets and the surrounding gas flow has to be studied 
further because it can be related to droplet clustering in the downstream spray characteristics. By 
conducting these studies the mechanism and the physics behind the atomisation process for both 
coaxial and cross-flow geometries can be further understood and a general approach which would be 





1.5. Numerical and Experimental investigations 
Although numerous numerical models exist for single-phase flows, only few simulations have 
been established for two-phase flows and these include several assumptions and approximations. The 
detailed analysis of a complicated system is limited by the current computing capabilities and not 
every interaction can be taken into account and resolved. Most of the applied models cannot fully 
describe the state of a multiphase flow especially in extreme conditions, for instance at low Reynolds 
numbers or when there is a significant interaction between the gas and liquid phase. Furthermore, it is 
difficult to include factors, such as heat and mass transfer between the phases that affect the 
atomisation process. In some numerical investigations ([11], [12]), critical criteria rather than 
complicated models that also involve the propagation phenomenon are used to provide a satisfactory 
description of the system. An alternative common method that is used for the analysis of multiphase 
convoluted flows is the individual resolving of each dimension [13]. There are also investigations that 
use 3D models. However, in order to resolve the flow fully, they require significant time and 
simplifications. For example, in [14] the spray evaporation and the combustion in the 3D model swirl 
combustor is investigated. Although the turbulent physics are met by solving directly the Navier 
Stokes equations, the flow inside the liquid droplets and the flow in the boundary layers around the 
droplets are not resolved. Another way is to assume that the liquid bulk is only composed of spherical 
droplets that are isolated from each other [15]. By assuming this, the interaction between the droplets 
and other phenomena, such as droplet coalescence, are considered to be negligible without any effect 
on the atomisation process, which of course is not the case. 
Experimental investigations can provide important information regarding the spray structure 
formed. Through the years, many laser and optical techniques have been developed for measurements 
in two-phase flows. Phase Doppler Velocimetry (PDV), which is a single point particle 
sizing/velocimetry method, was first developed to contribute afterwards to the establishment of the 
Shadow Doppler Velocimetry (SDV) which was used for the sizing of non-spherical particles [16]. 
While single point techniques are unable to provide information about the entire flow field and can 
only focus on individual particles, more information should be obtained at the same time to describe 
the spatial structure of the entire flow field, the droplet size distribution and velocities as well as the 
dynamic interaction between particles. This has led to the development of planar techniques, such as 
the Particle Image Velocimetry (PIV) and the Planar Droplet Sizing based on a combined scattered 
and fluorescence light (Mie/LIF) approach, which can provide information on the position, size and 
velocity of a number of droplets that can be found in the area examined. The combination and 
simultaneous use of the appropriate techniques can reveal important correlations of the spray 
characteristics. Therefore, the development of Interferometric Laser Imaging Droplet Sizing (ILIDS) 
is of great importance because it can obtain simultaneous velocity and droplet size measurements, 
especially in sparse spray studies ([17], [18], [19]). A laser light illuminates a sheet and the droplets 
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that are found there cause the light scattering which is then collected by a lens. The interference 
between reflected and refracted light is observed and since the one overlaps the other on the 
defocused plane, fringes are produced, whose spacing is related to the droplet diameter. The operating 
principle of this technique shows that it is a useful diagnostic tool with high spatial analysis and can 
be used in sprays of varying dynamics. 
 
1.5.1. Investigations in coaxial air-blast atomisers 
This is the commonest arrangement used for the production of straight jets. The main principle of 
this type of atomisers is that the liquid column travels axially through a tube and it is surrounded by 
the gas stream (usually air) which travels with much higher velocity. The liquid jet is discharged 
axially into the annular gaseous flow, whose kinetic energy disintegrates the jet to ligaments and then 
to droplets (Figure 1-4). 
 
Figure 1-4. Typical coaxial air-blast atomiser configuration. 
 
The properties of the liquid and the gaseous medium into which the liquid column is discharged 
have an essential impact on the produced spray and its dynamic features. The liquid jet structure and 
the droplets formed are strongly influenced by the liquid properties, such as density, viscosity and 
surface tension and of course by the liquid and gas velocities, which obviously depend on the 
dimensions of the apparatus. The liquid that will be used as working fluid in the atomisation process 
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should be chosen carefully because its viscosity determines the droplet size distributions, the nozzle 
flow rate and the spray pattern. A use of a liquid with high viscosity decreases the Reynolds number 
and delays the development of any natural instability in the jet. The latter has a high impact on the 
atomisation process as it delays the disintegration of the liquid column and leads to the production of 
a coarser spray. The viscosity of liquids is sensitive to temperature changes, more specifically it 
decreases when the temperature of the liquid increases. Therefore, the atomisation process should be 
performed under normal and stable conditions. In most of the investigations found in the literature, 
water or other fluids with low viscosity are used as the working fluid because this property can lead to 
fine atomisation. The low viscosity of water makes it a good simulant of fuels, which is why it is used 
so frequently in atomisation. Pressure and temperature of ambient gas into which sprays are injected, 
affect the atomisation too. An increase in the ambient gas pressure will lead to the production of large 
droplet sizes and an increase in ambient gas density will enforce the spray to follow the streamlines of 
the gas more closely. At the same time, the aerodynamic drag that acts on the droplets will increase. 
As mentioned earlier, adequate research has been accomplished in coaxial air-blast atomisers but 
there is more study that needs to be done in swirling air flow cases. Many investigations focus on 
break-up measurements by applying different visualisation techniques. Electrical conductivity is a 
technique that has been broadly applied because of its easy implementation and low cost. The break-
up length on this occasion is measured by applying a voltage between the nozzle and a probe. 
Chehroudi et al. [20] tried to determine the shape and length of the intact liquid core by applying a 
voltage between the nozzle unit and fine needles, rods and screens. Yule et al. [21] tried to investigate 
the break-up length in the same way but in diesel sprays and Hiroyasu et al. [22] have studied the 
break-up length of a high-speed liquid jet by measuring the electrical resistance between the nozzle 
and a fine wire screen detector located downstream of the nozzle. In addition, Eroglu et al [23] 
measured the average intact lengths of round liquid jets generated by air-blast coaxial atomisers, and 
found that they are strongly dependent on Reynolds and Weber numbers. Electrical conductivity has 
been applied simultaneously with high-speed imaging to reveal the liquid core from the study of the 
image sequence [24]. The break-up lengths measured by the two techniques were compared to those 
measured by optical connectivity too. Optical connectivity was first developed by Charalampous et al 
[25]. The continuous core of the liquid jet is visualized by guiding a laser beam through the liquid 
nozzle which propagates downstream and illuminates the continuous liquid core. It was found that this 
technique is more accurate than shadowgraphy, especially in the case of dense sprays and leads to 
measurements of shorter break-up as it detects only the primary atomisation region. 
A numerical and experimental study of fuel evaporation and mixing of kerosene in conditions 
relevant to aero-engines was performed by Rachner et al. [26]. They used Phase-Doppler 
Anemometry (PDA) to measure liquid properties and Laser Induced Fluorescence (LIF) to measure 
the continuous liquid jet. They found that air temperature has the largest influence on evaporation, 
while pressure affects only the atomisation quality.  
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 There are also many investigations that focused their interest on the downstream spray 
characteristics. Tsai and Viers [27] investigated air-blast atomisation of viscous liquids using a twin-
fluid jet atomiser and eventually presented a formula that describes the atomised droplet size 
distribution and explains that the various droplet sizes are represented by either the mass median 
diameter (MMD) or the volume mean diameter (VMD). They also stated that the diffeent droplet sizes 
could be described in terms of three non-dimensional groups, namely the liquid-to-air mass ratio, 
Weber numbers and Ohnesorge numbers. Similarly, a model for the simulation of viscous and non-
Newtonian liquid was developed by Aliseda et al. [28]. Six fluids of “increasing complexity” were 
utilized and the velocity and size of the droplets were measured by a Phase Droplet Particle Analyzer. 
The effect of liquid jet diameter on the performance of coaxial two-fluid air-blast atomisers was 
investigated by Hai-Feng Liu et al. [29]. The Sauter mean diameters were measured by using a 
Malvern Laser Particle Sizer and it was found that the primary droplet size is proportional to the 
liquid jet diameter. Hai-Feng Liu et al. [30] also predicted the droplet size distribution in sprays of 
prefilming air-blast atomisers and found that the droplet diameter is proportional to the Ohnesorge 
number. A different approach was adopted by Sridhara and Raghunandan [31], who used different 
lighting techniques to achieve a photographic investigation. The images obtained through these 
techniques appear to be useful in deriving essential observations such as the jet break-up 
phenomenon, the internal details and the external appearance of the spray examined. Sou et al. [32] 
carried out an experimental investigation using laser Doppler velocimetry to examine the effects of 
cavitation in two nozzles of different sizes. They concluded that cavitations in 2D nozzles are 
classified into the following categories: (1) no cavitation, wavy jet (2) developing cavitation, wavy jet 
(3) super cavitation, spray and (4) hydraulic flip, flipping jet. Although investigation [13] is about 
cavitation, this study is included here because of the interest of the present work in nozzle geometries.  
Many researchers tried to correlate the break-up of the liquid core with the downstream spray 
characteristics. Lasheras et al. [3] tried to achieve this by recording the break-up with a high-speed 
camera and measuring the acceleration of the liquid which is caused by the airstream. The droplet size 
distribution was measured by a Phase Doppler particle sizer. A high-speed video and phase-Doppler 
particle-sizing techniques were also used by Varga et al. [4] to measure the liquid jet break-up length 
and the droplet size distribution respectively  in different gas and liquid nozzle geometries. A liquid 
jet break-up model based on Rayleigh-Taylor instability was also developed. The same techniques 
were also combined by Engelbert et al. [2]. It was found that the Weber number was unable to 
represent the measurements and suggested that the break-up measurements may be better represented 
by the air-to-liquid Momentum (MR) and Energy (ER) Ratios. 
The following table provides a presentation of the different coaxial geometries used in the most 
important investigations found in the literature. The impact of configurations and geometries on the 
different parameters that determine the atomisation process and its products is illustrated synoptically 
in this table. The internal geometry of an atomiser can define the development of the jet and the 
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growth of small disturbances that lead to the disintegration into ligaments and droplets. These 
disturbances are of primary importance as they can determine the shape and penetration of the 
produced spray and as a result of the break-up process. Consequently, they also affect the 







DESCRIPTION OF CONFIGURATION AND 
EXPERIMENTAL/NUMERICAL 
TECHNIQUES 












liquid jet core in a 
coaxial air-blast 
atomiser 
The coaxial atomiser was placed vertically and the 
spray exhausted downwards. External diameter of 
liquid nozzle: 2.95mm. Internal diameter of liquid 
nozzle (liquid discharge): 2.3mm. Internal 
diameter of annular gap: 14.95mm. 
 
LIF is used for the visualisation of the continuous 
core of the liquid jet. The fluorescing dye was 
excited at 532nm by a pulsed Nd: YAG laser 
𝑼𝒋 𝑼𝑮 𝑹𝒆𝒋 We 
2 47 5442 80 
2 70 5442 185 
2 119 5442 526 
2 166 5442 1041 
4 47 10854 73 
4 70 10854 175 
4 119 10854 508 
4 166 10854 1016 
8 47 21769 60 
8 70 21769 154 
8 119 21769 473 
8 166 21769 966 
 
LIF is more accurate than shadowgraph 
for flows leading to shorter break-up 
lengths and dense sprays as droplets and 
ligaments do not obstruct the 
measurements. On the other hand there 
are scattering losses of the propagating 
light beam along the jet core due to the 
structures at the liquid jet surface. 
As the liquid jet velocity increases the 
flow inside the liquid jet core becomes 
more turbulent and the continuous jet 








Viscous liquids are used in the twin fluid atomiser. 
A modified commercial nozzle is used in slurry 
combustion. The liquid passes axially through the 
centre of two distributors and air passes through 
angled (15˚) slits (4 slits for first distributor and 6 
for second). 
Liquid discharge diameter: 2.49mm. 
Cross section of nozzle tip: 4.866 × 10−2 cm2 
We=197-502 
There are 3 models that describe droplet 
sizes produced. As the inlet air pressure 
increases, the air mass flow rate 
increases and becomes saturated at a 
threshold pressure. Velocity reaches 
maximum value at the atomiser tip. 
When this pressure exceeds the threshold 
value, drop break-up occurs and new 










by a coaxial, high-




The geometry of the atomiser is such that the 
pattern air impinges on the main streams at a 
distance downstream which is large compared to 
the formation of instabilities. Diameter of liquid 
nozzle: 0.71mm. Internal diameter of gas nozzle: 
1.78mm. Six fluids of increasing complexity were 
utilized. The velocity and size of the droplets were 
measured by a Phase Droplet Particle Analyser. 
Re=8000 
Developed a model that predicts the 
performance of coaxial atomisers in 
pharmaceutical tablet coating by 
predicting SMD of droplets. Model 
agreed with experimental results. They 
found that atomisation occurs through a 
series of instabilities which are formed 















16.96 26.08 3.51 
9.02 20.93 4.94 
5.00 19.10 6.02 
3.10 18.50 6.69 
2.00 18.50 6.69 
9.02 19.10 4.02 
9.02 16.00 2.47 
5.00 16.00 4.47 
3.10 16.00 5.44 
 




The primary droplet size is proportional 
to the liquid jet diameter. The gas/liquid 
relative velocity increases with liquid jet 
diameter and the droplet size decreases 
with gas/liquid relative velocity. 
Correlation for SMD: 
SMD













Prefilming air-blast atomiser with inner and outer 
air channels and one liquid channel. Malvern Laser 
Particle Sizer 3600 was utilised to measure the 
droplet size distribution. 
𝑼𝒋 𝑼𝑮,𝟏 𝑼𝑮,𝟐 δ(mm) 
0.005-1.21 104.7 130.3 7 
0.005-1.38 169.1 130.3 7 
0.005-2.20 199.0 130.3 7 
0.005-2.20 104.7 170.1 7 
0.005-2.20 199.0 170.1 7 
0.021-1.18 70.5 109.5 5 
0.021-2.02 104.7 130.3 5 
Simulation results of droplet sizes agreed 
with experimental results. They found 
that the min mass ratio of a sub-droplet 
to the mother droplet is not sensitive to 
the atomiser parameters and conditions. 
The initial droplet size and max stable 
drop size are independent of liquid 
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0.021-2.36 199.0 170.1 5 
0.050-2.94 104.7 130.3 2 










Photographic images of spray produced by 4 
different nozzles. A microflash was used to 
provide a 0.5μs flash duration. 
Inner diameter of air nozzle at orifice: 10.36mm 
Inner diameter of liquid nozzle: 0.971mm, 
1.01mm. 
Liquid flow rate: 3-50Kg/h, air flow rate 
varied from quiescent conditions to 70Kg/h 
maximum. 
Uj = 1.1 − 18 m/s 
UG = 0.5 − 180 m/s 
Rej = 1100 − 18000 
ReG = 105000 
Average break-up length was calculated 
for different Re. They derived an 
empirical equation for the prediction of 
average break-up length in coaxial air-
blast atomisers:L d⁄ = 0.5We−0.4Re0.6. 
The intact length was found to decrease 
with We and increase with jet Re. The 
round jet produced shorter break-up than 









in air-blast sprays 
Two different atomisers, air-blast and swirl, and 
several flow visualisation (lighting) techniques 
were used. 
Compressed air was supplied to the nozzle of an 
air-blast atomizer by four inlets at 150mm from the 
nozzle faceplate. A flow straightener, constructed 
by inserting drinking straws of inner diameter 
4mm and thickness 0.1mm of total length of 50mm 
in an annular tube of inner diameter 50mm and 
outer diameter 80mm, was used to reduce flow 
asymmetry and residual swirling motion of the air. 
Uj = 2 m/s 
Derived break-up length and observed 
internal details and external appearance 
of sprays. They also studied the 
possibility of shear formation of smaller 
droplets from the surface of liquid jet 
even in conditions where Rayleigh 




cavitation in a 
2 different sharp-edged nozzles were used with a 




45000 1.57 No Wavy 
Cavitation in 2D nozzles and liquid jet 





nozzle on liquid jet 
atomisation 
thickness of 1 and 0.5mm respectively. 
The purpose of this study is to investigate σ 
(cavitation) by visualising the liquid jet with a 
high-speed camera. 
50000 1.27 No Wavy 
58000 0.94 Developing Wavy 
64000 0.78 developing Wavy 
68000 0.69 Super Spear 
70000 0.65 Super Spray 
76000 0.55 Hydr. flip Flipping 
78000 0.52 Hydr. flip flipping 
 
Categories: (1) no cavitation, wavy jet 
(2) developing cavitation, wavy jet (3) 
super cavitation, spray and (4) hydraulic 




A numerical and 
experimental study 
of fuel evaporation 
and mixing for 
lean premixed 
combustion at high 
pressure 
A prevaporizer-premix duct with optical access 
was used, operating in conditions relevant to 
aeroengines. PDA was used to measure the liquid 
properties and LIF for the liquid and gaseous fuel. 
A flat prefilming air-blast atomiser was mounted. 
The evaporation and dispersion properties of the 
pre-vaporizer were simulated by using a 
Lagrangian particle tracking algorithm. 
Pressures up to 15 bar 
Temperatures up to 850 K 
The prefilming atomiser gave the lowest 
droplet sizes. 
Air temperature has the largest influence 
on evaporation, while pressure has an 
effect on the atomisation quality only. A 
comparison of experimental and 
computational results showed that 






atomisation of a 
round water jet by 
a high-speed 
annular air jet 
Injector with a liquid jet exit of 2.9mm which is 
expanded through a 6˚ half cone angle to an outlet 
diameter of 3.8mm. Annular air spacing is 0.7mm. 
A high-speed camera was used to record the break-
up and measure the acceleration of the liquid by 
the airstream. The liquid shedding frequency was 
measured using a laser-photodiode arrangement. 
The droplet size distribution was measured using a 
Phase Doppler particle sizer. Models which 
consider the effect of the local turbulent dissipation 
Uj = 0.15 − 1.5 m/s 
UG = 20 − 250 m/s 
Rej = 830 − 4420 
We=16-489 
MFR=3.8-31 
Break-up is dominated by the shedding 
of liquid sheets or ligaments. Turbulent 
stresses cause the secondary break-up. 
Shedding frequency increases 
proportionally to the square of 𝑈𝐺. It was 
shown by the entrainment model that in 
the case of large We, the break-up 
depends mainly on MR. The far field is 
characterised by two regions: the initial 
region where the mean droplet size 
38 
 
rate in the gas on both the break-up and 
coalescence of droplets are also developed and 
compared to experimental results. 
decreases with the downstream distance 
and the second region where droplet size 
increases with distance. The first region 
is dominated by the secondary break-up. 
The increase of droplet size in the 
second region is the result of droplet 
coalescence. Numerical and 
experimental results showed good 
agreement. The dissipation rate of 
turbulence in the air jet is proportional to 




Initial break-up of 
a small-diameter 
liquid jet by a 
high-speed gas 
stream 
Gas nozzles: (1) smooth convergence nozzle with 
contraction, ratio 12:1 (produces flat velocity 
profile at the exit with very thin laminar boundary 
layers), (2) straight channel geometry (produces 
thicker turbulent boundary layers), both with the 
same exit diameter dG=11.2mm. Liquid nozzles: 
(1) dj,1=1 mm, 2) dj,2=0.32 mm. 
High-speed video and phase-Doppler particle-
sizing techniques were used to measure the liquid 
jet break-up length and the droplet size distribution 
respectively. A liquid jet break-up model based on 
Rayleigh-Taylor instability was developed. 
Uj = 1.7 − 16.6 m/s 
UG = 30 − 165 m/s 
Atmospheric pressure 
Gas/liquid MFR=1-25 
Rej = 1700 − 5280 
ReG = (2.6 − 11) × 10
4 
We=6-437 
The mechanism of the break-up length 
involves the combination of an 
interfacial and a Rayleigh-Taylor 
instability of the liquid jet. The 
instability begins very close to the nozzle 
and causes the displacement of the liquid 
jet from the centreline. A proposed 
Rayleigh-Taylor initial break-up model 
gave results that agreed with the 
experimental mean droplet size. 








with a liquid jet exit of 8.95 mm and 14.95 mm 
were used. 
Combination of high speed photography and 
phase-Doppler velocimetry. Break-up length, 
frequency, droplet size distribution and velocities 
were examined. 
Gas/liquid MR=5-175 
We=76-2610, Rej = 5410 − 34425 
PDA measurements: 
Gas/liquid MR=1.23-298 
We=208-3360, Rej = 4330 − 54120 
deterministic nature of a liquid flow at 
turbulent Re and dilational waves on its 
surface, followed by the sinusoidal 
movement of jet. The process is 
periodically repeated. The break-up, the 
frequencies of the waves and the 
repetition of the flow sequence were 
related to MR, ER, We and the slip 
velocity of the two streams. The 
amplitude of the waves and the 
movement of the jet determined the 
initial droplet trajectories and dispersion. 
Most of the liquid remained close to the 
centreline and 𝐷32 was larger than 100 
μm, while the slip velocity was small. 
The droplets stemmed from the periodic 













Internal mixing air-assisted atomiser. The 
performance of 3 single-hole-Y-jet nozzles was 
evaluated by using the laser particle size analyser. 
Diameter of gas holes of 3 nozzles: 3.1, 5.2 and 4 
mm, diameter of liquid holes: 4, 4.5 and 7 and 
mixing holes: 5, 7.3 and 8.5 mm. The angle 
between the gas and liquid holes is 60˚. 
Liquid mass flow rate: 400-1500 Kg/hr 
The effects of water and air pressure and 
air to liquid mass flow ratio (ALR) on the 
droplet size distribution were studied. 
The secondary atomization model was 
modified and the predicted droplet sizes 
agreed with the experimental findings. 
The droplet mean diameter is a non-
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nozzle with high 
liquid flow rate 
linear function of ALR and decreases 
when ALR increases. 
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The synopsis of the investigations in coaxial atomisers presented above provided information on 
the different experimental techniques that were carried out and the geometries of the configurations 
that these techniques were applied to.  
The geometries used in coaxial configurations do not vary significantly. The liquid column 
travels along a tube that is placed axially and the gas nozzle surrounds the liquid nozzle. The two 
fluids meet at the orifice of the nozzle where the atomisation process initiates. A slightly different 
geometry was used by Aliseda et al. [28]. The geometry of the atomiser was such that the air impinges 
on the main streams at a distance downstream the liquid nozzle. This distance was chosen to be large 
enough so that the formation of instabilities benefit, which play a significant role in the atomisation 
process, as explained earlier in the introduction. 
In contrast to the configuration of the main body of the atomiser, a variation of nozzle geometries 
have been used. In some investigations, the characteristics of the sprays produced by different nozzle 
geometries are compared between them. It has been found that the primary droplet sizes are 
proportional to the liquid jet diameter, which depends on the diameter of the liquid nozzle. In 
addition, the ratio of the liquid to gas nozzle diameter is very important because it determines the 
characteristics of the products of atomisation, such as the break-up length and droplet sizes. Apart 
from the nozzle diameter, the length, the thickness and the orifice shape of the nozzle can define the 
atomisation process and the characteristics of the products. In [23], an empirical equation for the L/D 
ratio was established and it was found that this ratio determines the values of Weber and Reynolds 
numbers which are of primary importance in the atomisation process. In a number of different 
investigations, round-edged nozzles were used, while sharp-edged nozzles were rarely found. Sharp 
edged orifices produce a turbulent liquid column, in contrast to round-edged orifices which produce a 
less turbulent liquid column. More information about the characteristics of the products of atomisation 
using round or sharp orifices will be given in the next section, where investigations in cross-flow air-
blast atomisers are presented. 
In recent years, almost every possible visualisation technique has been applied to sprays 
produced by coaxial air-blast atomisers. Simple photography and shadowgraphy have proved to be 
inadequate to visualize the flow characteristics because of the complex structure of sprays. Although 
photography is easy to implement, it has been demonstrated through different investigations, that the 
observation of the characteristics of the continuous liquid jet may be obstructed by the detached 
droplets and ligaments in the cases of intense atomization [24]. These droplets surround the main 
liquid core and obstruct the observation of its structure. In a sequence of images some information can 
be revealed but the user cannot be definite about the observations. Instead, he has to use his judgment 
and experience. For example, the break-up length of a liquid column cannot be easily visualised and 
false readings could be made. A different approach is the visualisation of the continuous core of the 
liquid jet by means of Laser Induced Fluorescence (LIF) in which fluorescing dye is excited by 
guiding a laser beam through the liquid column. This technique has been successfully used in many 
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investigations, such as in [24], [25] and [34], to obtain measurements of the continuous liquid jet core. 
It has been shown that with an increase of the liquid jet velocity the flow inside the liquid jet core 
becomes more turbulent and the continuous column or break-up length increases. In general, the LIF 
technique is more accurate than shadowgraphy for flows leading to shorter break-up lengths and 
dense sprays. This is because the droplets and ligaments do not obstruct the LIF measurements. 
However, there are scattering losses of the propagating light beam along the jet core due to the 
structures formed on the liquid jet surface. 
In the investigations summarised in the above table, the Reynolds number varied between 500 
and 80000. It has been shown that at low Reynolds numbers, the jet disintegrates into large drops and 
vice versa [25], but the droplet sizes also depend on the nozzle geometry used. The produced droplet 
sizes varied approximately between 50 and 300 μm. The Weber number varied between 80 and 8000 
and has been shown that the higher the We number becomes the finer the atomised spray becomes, 
which denotes that smaller droplets are produced. Also, in [28] six fluids of increasing density were 
utilised. Fluids with high density have also high viscosity and it was observed that the use of a liquid 
with high viscosity leads to the decrease of the Reynolds number and delays the development of 





1.5.2. Investigations in cross-flow air-blast atomisers 
Cross-flow atomisers are named after the way they operate. The liquid jet is discharged 
horizontally in the cross-flow air stream (Figure 1-5) to interact with the atomising medium and 
produce the spray. Liquid jets in cross-flow are found in a variety of applications such as gas turbine 




Figure 1-5. Example of a liquid jet in a cross-flow air-stream. 
 
The present study focuses on cross-flow investigations because of their wide range of application 
in the engineering field and the limited research that has been undertaken in these configurations. 
Consequently, this review aims at the understanding of the cross-flow atomisation process and its 
further improvement. In addition, this review has provided significant data for the design of the jet in 
a cross-flow atomiser, which is described later in Chapter 2.3 and is used for the purposes of this 
research. The cross-flow configurations found in the literature differ significantly between them and 
there is no fundamental research that could be used as a guide when designing of the present cross-
flow rig. Nevertheless, the basic structures and dimensions of each application along with the 
characteristics of the spray produced, were reviewed and then adjusted to the requirements of the 
present work. The mechanism that triggers the atomisation further downstream of the nozzle is 
currently unknown, but some existing empirical correlations can provide some information on the 
expected spray structures for certain geometries. For example, the diameter of the liquid jet exit is 
important and will determine the turbulence of the liquid jet and, therefore, its structure and the 
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downstream products of atomisation. For this reason, it has to be chosen carefully. The diameter of 
the liquid jet exit will also define the diameter of the gas nozzle, so that the expected liquid and gas 
velocities are produced. In the investigations found in the literature the liquid jets are discharged in 
gas streams which flow inside wind tunnels or other applications that provide adequate space for the 
flow to become uniform. The present investigation aims at developing a cross-flow atomiser which 
has a much smaller size than wind tunnels. In this case, the annular gap, where the liquid jet is 
atomised, has to be large enough to introduce sufficient deflection on the liquid jet in order to avoid 
its impingement on the opposite wall. At the same time, it has to be small enough to allow the 
acceleration of the gas introduced which is responsible for the atomisation of the liquid column. The 
deposition of the liquid jet along the liquid delivery tube should also be prevented. 
Most of the techniques applied to coaxial configurations have also been applied to cross-flow 
configurations to reveal the fundamental physics behind cross-flow atomisation. Obviously, cross-
flow atomisation is more complex. Thus, more research has to be undertaken in order to understand 
the intricate structure of such sprays. More measurements have to be obtained, especially very close to 
the nozzle where the mechanism of the deformation takes place. The liquid jet in cross-flow 
atomisation is deformed in a different way in comparison to the straight liquid jets. Cross-flow 
atomisation may lead to a liquid sheet break-up. Hence, the measuring techniques have to be adjusted 
to the needs of this process. There are several studies that focused their interest on the break-up 
mechanism. Sedarsky et al. [34] used PIV, high-speed shadowgraphy and ballistic imaging to observe 
the break-up of a liquid jet in a cross-flow of air in a variety of conditions. The experimental 
configuration consisted of four interchangeable nozzle tips of a different exit diameter. A 
measurement of the velocity field of the near field continuous medium was achieved by Gopala et al. 
[36] by guiding a laser light through an optical fiber from within the injector. The liquid jet column 
acts as an extension of the optic fiber and light propagates through it till the liquid column breaks up. 
Once the column breaks up, the light is scattered away. The water was seeded with fluorescent dye. 
Gopala et al. [37] extended their study by using the same technique as [36] but for two different 
injectors, one sharp-edged and one round-edged. Various conclusions were extracted. Among those is 
the one which supports that the main differences between the two injectors is the time taken for the 
break-up and the jet penetration. Shedd et al. [38] used high-speed digital imaging to visualise the 
formation of the liquid film. It was observed that film thickness increased with an increasing 
momentum flux ratio. Moreover, three different mechanisms of atomisation were identified: the 
droplet splashing, the film surface atomisation via aerodynamic instability and the film break-up at 
channel exit. The effect of the nozzle length/diameter ratio on the break-up was examined by Osta et 
al. [39] by using nozzles of different L/D ratios. The liquid jets were observed using single- and 
double-pulsed shadowgraphy and holography. The main conclusion was that the break-up length 
decreases with increasing the L/D ratio for the same D. In [40] pulsed shadowgraphy and holography 
observations were obtained by Lee et al. for turbulent round liquid jets injected normal to the air 
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cross-flow in a shock tube. They used two different nozzles with different injector passages and 
smooth rounded entrances with L/D>100 to ensure a fully developed turbulent pipe flow at the jet exit 
for large Re. Sallam et al. [41] investigated the break-up on the surface of turbulent round liquid jets 
in still gases by also using single- and double- pulse shadowgraphy and holography in a nozzle with 
smooth rounded entrances with L/D>100 to ensure a fully developed turbulent pipe flow at the jet exit 
for large Re. Three modes of liquid column break-up were observed: (1) a weakly turbulent Rayleigh-
like break-up mode at a small jet exit We and Re, (2) a turbulent break-up mode at moderate jet exit 
We and Re and (3) an aerodynamic bag/shear break-up mode at a large jet exit We. Sallam et al. [42] 
studied non-turbulent liquid jets and demonstrated three regimes of primary break-up: the bag break-
up, the multimode (or bag/shear) break-up and the shear break-up, which become obvious when 
observing the shadowgraphs. In this case they used round supercavitating nozzles with sharp edged 
inlets and exits and L/D<3. This arrangement yields uniform non-turbulent round liquid jets in 
opposition to [41]. Rachner et al [43] modeled the penetration and atomisation of a plain jet of 
kerosene fuel in air cross-flow and identified two different mechanisms which are known as the 
surface break-up and the column break-up. Not only were experimental techniques used to estimate 
the break-up length of a jet in a cross-flow, but some numerical ones were used too. An example is the 
attempt of Balasubramanyam and Chen [44] to model the liquid jet break-up in a high speed cross-
flow using an improved drag coefficient correlation which would capture the spray phenomenon more 
accurately, specifically in high-speed flows.  
There are also some investigations that focus on the downstream droplet characteristics, the 
resulting surface waves, the instabilities and turbulence. The attempts that have been made to identify 
the deformation mechanism and correlate it with the downstream spray characteristics for jets in 
cross-flows are in a very premature phase and further exploration is needed.  
The spray structure in the near-injector region of an aerated jet in a subsonic cross-flow was 
investigated by Lee et al. [45]. Six holograms were recorded and the droplet velocities in the 
streamwise and the cross-flow direction could be measured by observing the displacements of the 
centre of each droplet between the double pulses. Similarly, low-speed wind tunnel experiments were 
conducted by Aavani et al [46] to examine the effects of the jet exit behaviour in the near-field 
characteristics of jets in cross-flow. To achieve this, six square jets were injected perpendicularly and 
it was determined that the flow field can be divided into 3 regions: wake, jet and free stream. In the 
wake region the streamwise component of the velocity decreases. It was also found that the jet exit 
geometry and its channel shape influence the very near–field vortices, which differ significantly from 
that of an undisturbed boundary layer. Alternatively, Ghosh and Hunt [47] focused on the interaction 
between an external cross-flow and the spray jet. Important research for bag break-up of non-turbulent 
liquid jets in cross-flow was carried out by Ng et al. [48] and results show that the column waves 
within the bag break-up regime can be explained based on Rayleigh – Taylor instability. Phase 
Doppler Anemometry measurements of a two-phase flow structure and particle dispersion were 
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performed by Jing-Yu Fan et al. [49] and confirmed the complex interaction between the liquid jet 
and cross-flow. They also confirmed that the flow field is depending primarily on the jet to cross-flow 
velocity ratio. Hale et al. [50] investigated surface heat transfer in a row of short-hole jets emitting in 
cross-flow gas and found that horseshoe vortices are weak structures that dissipate as their legs are 
wrapped around the jet. The turbulence characteristics of a jet in cross-flow gas were also examined 
by Barata [51] using Laser Doppler Anemometry. The aim was again to investigate the effect of the 
velocity ratio between the jet and the cross-flow. The same conclusion with Hale et al [50] was also 
reached here, as they observed that the flow seems like a vortex wrapped around the jet. It was also 
found that the size of the vortex increases as the velocity ratio increases too. Bo-Feng Bai et al. [52] 
presented an experimental study on turbulent mixing of spray droplets for different injection angles. 
The optimum mixing effect can be achieved for an angle of 60° and the most stable flow field 
structure and the greatest sustained distance of the counter rotating-vortex pair can be found when the 
angle is 90°. Sugiyama et al. [53] investigated the characteristics of a flow field affected by the 
interference between a non-uniform cross-flow and unheated jets issued from a single circular orifice 
or a single row of orifices. A circulating flow which expands the floor boundary layer into the wake 
region of 𝐶𝑃 < 0 below the jet and makes it thin in a small flow region was also observed. Kihm et al. 
[54] visualised both under-expanded sonic gas jets from a converging nozzle (SN-type) and over-
expanded supersonic gas jets from a converging-diverging nozzle (CD-type). They found that the SN-
type develops a wider spray which lessens the probability of droplet coalescence and generates finer 
sprays. Finally, an analysis of the structure of the jet, which was based on Proper Orthogonal 
Decomposition to reveal the mechanism of a liquid jet in cross-flow gas, was provided by Arienti and 
Soteriou [55]. The extracted orthogonal modes were used to identify the jet deformation, while their 
temporal coefficients were examined to determine the frequency of deformation. Temporal and spatial 
structures were found and used in the study of atomisation dynamics. 
The most important parameters used in some of the above investigations are presented in the 
following table. An exceptional consideration was given to the general geometry of the 
configurations, the dimensions of the nozzles used, and other parameters that can affect the 
atomisation, such as the momentum ratio, the jet to cross-flow velocity ratio and Re and We numbers. 
These parameters have been defined earlier, except the jet to cross-flow velocity ratio which is the 
ratio of the liquid jet velocity to cross-flow air stream velocity. The purpose of this review is to 










DESCRIPTION OF CONFIGURATION AND 
EXPERIMENTAL/NUMERICAL 
TECHNIQUES 










into a Cross-flow 
6 square jets perpendicularly injected in a test 
section, 450mm downstream the boundary layer 
trip. Each jet was 12.7x12.7 mm with an entry 
length of 6 diameters. This spacing between the 
jet centreline was 3 diameters. Jet spacing to jet 
diameter s/dj=3. 
Flow statistics were obtained by hot wire 
anemometry. The flow field characteristics were 
measured using a dual-sensor probe (X-array 
wire). Multi-positioned measurements were 
obtained by rotating the X-probe around its stem. 
𝑼𝒋 Re 𝑼𝑮 R MR 
5.5 4700 5.5 1 1 
5.5 4700 11 0.5 0.25 
5.5 4700 22 0.25 0.0625 
The flow field characteristics are strongly 
dependent on the liquid to gas MR. R is jet to 
cross-flow velocity ratio. 
3D flow field of normal jets in a cross-flow was 
investigated. The results were compared to 
literature. A counter-rotating vortex pair and small 
back flow regions are observed for R=1 and 0.5. 
Turbulence is highly non-isotropic near the injection 
region. The downstream region is divided into 3 
regions: the wake (where there is decrease in the 
streamwise velocity), the jet and free stream. It is 
shown that hole geometry and its channel shape 
influence the near-field character of the vortices, the 
proximity of which affects the lift-off of the jet and 
the entrainment of the cross-flow towards the plate 
surface. An unsteady, low frequency, asymmetric 
vortex pair may represent the instability arising 




Bag break-up of 
non-turbulent 
liquid jets in 
cross-flow 
Supercavitating nozzle directed vertically 
downward into the test section of a subsonic wind 
tunnel (0.3x0.3x0.6m). Sharp-edged nozzles with 
internal diameters of 0.5, 1 and 2mm for water 
and 0.5 and 1mm for ethyl alcohol are used to 
generate a round non-turbulent liquid jet. Single- 
and double-pulsed shadowgraphy and high-speed 
imaging are used to investigate the break-up 
For water: Uj = 7 − 50 m/s,  
UG = 10 − 60 m/s, WeG = 4 − 30, 
ReG = 709 − 3818,  
liquid/gas MFR=9-1199,  
liquid Oh<4.8×10−3 
Ethyl alcohol: Uj = 10 − 40 m/s,  
Column waves that were transported along the 
liquid jet with a constant wavelength and were 
attributed to Rayleigh-Taylor instability and surface 
waves with wavelength that decreases when 𝑊𝑒𝐺 
increases were detected. The column waves evolve 
into bags which have multiple notes along their 
rings. The bag size increases as it is conveyed in the 
streamwise direction and its bottom is stretched in 
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process. UG = 13 − 35 m/s, WeG = 8 − 28, 
ReG = 876 − 1638,  
liquid/gas MFR=52-902,  
liquid Oh<11.8×10−3 
the spanwise direction causing the break-up from 
the bottom. The sizes of the node- and ring-droplets 
are inversely proportional to 𝑊𝑒𝐺 whereas the size 




Modeling of the 
atomisation of a 
plain liquid fuel 
jet in cross-flow 
at gas turbine 
conditions 
LPP module (Lean Premixed Prevaporized).One 
part of air is routed through outer annulus and 
another through the centre body, fuel is injected 
from several injection ports. Air-fuel mixing & 
prevaporization take place between the fuel 
injection ports and the LPP duct exit. Fuel nozzle 
dj=0.45mm, L/dj=1.56. The structure of the jet 
and the break-up mechanism were studied by 
shadowgraphs. A numerical model that predicts 
the jet penetration was used. Fracture of a liquid 
column is modelled according to a time criterion. 
The shear break-up of the liquid column and its 
fragments is modelled as liquid boundary layer 
stripping. 








Droplets are stripped off from the surface of the 
liquid column and the fragments according to the 
shear break-up mechanism. Turbulence generation 
by the liquid jet determines the measured spatial 
SMD distribution. The model results agreed with 
experimental results on the baseline. The model 
appears to be useful in calculating effects of design 
modifications of a given configuration, especially 
for the task of supporting LPP development. The 






image data for 
break-up of a 
liquid jet in cross-
flow: part I 
 
Liquid jet is injected vertically in the test section 
of a wind tunnel. A large length to width ratio 
ensures the development of minimum turbulence. 
4 different liquid nozzles with dj=0.5, 0.7, 1 and 
1.25 mm were used. The taper allows the flow to 
accelerate without inducing further unsteadiness 
or cavitation. The nozzles are threaded into a 










0.5 10.4 5.18 48 21 37 
0.5 21 10.5 48 21 153 
0.7 21 14.6 48 29 153 
0.5 13.5 6.72 62 34 38 
0.5 15 7.47 67 40 40 
1 21 20.9 48 41 153 
0.5 21 10.5 74 49 64 
Results agree in general with literature but some 
details are different. The database is available for 
developing models. Droplet measurements in the 
dilute region with PDA and the use of other liquids 
will be performed in the future. Other geometries 
and measurements will also be used after the advice 
by model developers. 
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test section. The break-up is observed by PIV, 
high-speed shadowgraphy and ballistic imaging. 
 
0.7 21 14.6 74 68 64 
1 21 20.9 74 98 64 






study on turbulent 
mixing of spray 
droplets in cross-
flow 
Injection angles of the nozzle in the cross-flow 
used: 60, 90, 120°. Jet is injected into a test 
section of size 95x95 mm. 
PIV and image processing techniques are used. 
Nozzle Angle 𝑹𝒆𝑮×𝟏𝟎
𝟑 
1 90 12.9 25.7 - 45 
2 60  25.7 32.1 45 
 90 - 25.7 32.1 45 
 120 - 25.7 32.1 45 
 
D32 = 80 μm. It was found that the addition of 
droplets into the gas cross-flow enhanced the 
turbulence and caused different scale vortices. The 
flow field structure depends on the injection angle. 
The entrainment of a large vortex led to uneven 
droplet distribution and influenced the mixing of 
droplets with gas. A better mixing is obtained at 










Numerical study of cross-flow atomization that 
takes into account droplet evaporation, while an 
improved drag coefficient correlation was used. 
 
Jet penetration increased rapidly near the injector 
exit and then gradually increased due to increase in 
the drag of the air stream. The results are 
comparable to experimental data and proved to be 











laden jet in cross-
flow 
Open channel flume with a test section of 2 m 
length, 0.25 m width and 0.5 m height. The 
particles are injected vertically downward into the 
cross-flow from a long cylindrical pipe with an 
internal diameter of 5.5 mm. The pipe was 
vertically positioned at 1.2 m downstream of the 
test section inlet. A flow structure and particle 
dispersion were investigated by PDA. 
R = Uj UG⁄ =2, 4, 6, 8, 10 
densities:  ρliq = 1000 kg/m
3, 
ρparticle,1 = 1050 kg/m
3,   
ρparticle−2 = 2450 kg/m
3 
Rej = (1.43 − 7.15) × 10
3 
ReG = 1.56 × 10
4 
The flow field depends primarily on the jet-to-cross-
flow velocity ratio (R). The fine particles with a size 
of 70 μm have a minor influence on the mean 
velocity fields. The particle transport in the near 
field is dominated by the shear layer vortices. The 
effect of the particle parameters with size 300-700 
μm on the fluid phase is associated with the 
anisotropic properties of the flow and the trajectory 







and surface heat 
transfer associated 
with a row of 
short-hole jets in 
cross-flow 
Open circuit low-speed wind tunnel (122 cm long, 
30cm square). 5 injecting holes with a diameter of 
19mm and hole spanwise spacing s/dj=3. Hole 
length to diameter ratio is L/dj=0.66 (90° jets), 
plenum height H/dj=1, Endwall distance 
E/dj=0.66 
UG = 10 m/s 
Turbulence intensity (U′/UG)<0.5 % 
Blowing ratio M =
ρjUj
ρGUG
=0.5, 1, 1.5 
Rej = 12000 (for MFR=1) 
Boundary layer separation results in the formation 
of weak horseshoe vortices. Counter rotating 
vortices pairs intensify in the near jet region due to 
the transfer of the momentum from the jet. Heat 
transfer was predicted qualitatively. The numerical 
solutions suggested that vortices are related to the 
vorticity inside the hole and on the jet/cross-flow 










A horizontal water channel 1.5m long, 0.5 m 
wide, multijet impingement but, in this study, a 
single jet of dj=20 mm. Impingement height: 5 jet 
diameters (H/dj=5). Cross-flow duct extends 20 
diameters upstream and 55 diameters downstream 
the jet entry. Area contraction ratio of nozzle=16, 
settling chamber: 0.56 m long. Laser-Doppler 
anemometry was used to study the flow-field 
resulting from the impingement of a single 
axisymmetric jet against a wall. The data are also 








(𝑼𝒋 𝑼𝑮⁄ ) 
MFR 
×𝟏𝟎𝟒 
3 6 0.1 30 73.9 
4.2 8.4 0.093 45 166 
6 12 0.082 73 437 
 
*Liquid to gas MFR 
The deflection of a jet is small for high R. A vortex 
is formed which increases in size and moves 
upstream as R increases. The turbulent structure of 
the flow is independent of R. The shear layer 
surrounding the jet is characterised by intense 
velocity fluctuations. 
Grid-independent numerical calculations predicted 
the features of the mean flow. In the impingement 






the flow in and 
around jets 
directed normal to 
a cross-flow 
Interference between non-uniform cross-flow and 
unheated jets issued from a single circular orifice 
or a single row of 9 orifices with dj=8 mm, 
pitch=3dj, Thickness of floor boundary layer δ=6 
mm. 
𝑈𝑗 = 29𝑚/𝑠 






A flow field of a multiple jet arranged at a small 
interval cannot be constructed through a 
superposition of one single jet. However, the reverse 
flow region downstream the jet is not affected by 
the adjacent jets. In the case of the single jet, the 
floor boundary layer is affected by the circulating 
flow. In this case, the decrease in 𝐶𝑃 is greater. The 
blockage effect of the adjacent jets is noticeable 
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formation by an 
impinging jet in a 
high-velocity air 
stream 
Air is delivered from a compressor and passes 
through oil removal, particulate filters, a 50.8 mm 
I.D. flexible hose, screens and a PVC-molded 
nozzle. The nozzle was an aluminium rod with 
dj=0.5 mm, L/dj=2, inlet orifice chamfer 90°. 
High-speed imaging was used to visualize the 
formation of the liquid film from impinging 





𝑼𝒋 𝑼𝑮 𝑹𝒆𝒋 We MFR 
4.2 72 1935 155 1.9 
8.5 72 3870 155 7.6 
12.7 72 5800 155 17.1 
17 72 7740 155 30.4 
21.2 72 9670 155 47.4 
4.2 81 1935 195 1.5 
8.5 81 3870 195 6 
12.7 81 5800 195 13.5 
17 81 7740 195 24 
21.2 81 9670 195 37.5 
4.2 99 1935 290 1 
8.5 99 3870 290 4 
12.7 99 5800 290 9 
17 99 7740 290 16.1 
21.2 99 9670 290 25.1 
4.2 108 1935 350 0.8 
8.5 108 3870 350 3.4 
12.7 108 5800 350 7.5 
17 108 7740 350 13.4 
21.2 108 9670 350 21 
 
A range of sprays that included high and low 
penetrating sprays with high to low surface stripping 
rates were studied. Two types of liquid 
impingement were observed: direct jet impingement 
(for liquid to gas MFR>20) and impingement by the 
spray on the filmer surface (MFR<20). At the initial 
stages of film formation, the droplets were entirely 
absorbed into the film. As the film developed and 
grew in thickness, droplet collisions resulted in 
splashing and in the formation of more droplets. 3 
mechanisms of atomisation: droplet splashing, film 
surface atomisation via aerodynamic instability and 
film break-up. Film thickness increases with 
increasing liquid to gas MFR, which causes an 
increase in spray penetration and droplet impact and 
absorption at the film. Future studies will utilize 





the velocity field 
of the near field 
continuous 
medium 
The setup consists of a plenum chamber, a 
rectangular air supply channel, a test section with 
an injector and a pressurised chamber with optical 
access. A round-edged fuel injector was fixed on 
the centreline of the plate 10 mm downstream 
from the supply channel termination. It was 
constructed using a round edge with 𝑑𝑗=457 μm 
and L/dj≈1. Laser light guided from within the 
injector. The liquid jet column acts as an 
extension to the optic fiber and light propagates 
𝑼𝒋 𝑹𝒆𝒋 𝑼𝑮 We MFR 
13 6470 50 54.8 20 
15 7764 60 78.9 20 
18 9058 70 107.4 20 
20 10352 80 140.3 20 
23 11646 90 177.5 20 
25 12940 100 219.2 20 
28 14234 110 265.2 20 
30 15527 120 315.6 20 
 
𝑼𝒋 𝑹𝒆𝒋 𝑼𝑮 We MFR 
7 3706 112 275 2.5 
Fluorescent imaging tends to give an 
underestimation of the break-up length in 
comparison to the shadowgraph. However, for high 
We it tends to overestimate the break-up. Structures 
were manually tracked and by using PIV the 
velocity field was calculated. The velocity data 
would help to model the near field dense regime. 
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through it till the column breaks up. Once the 
column breaks up the light is scattered away. This 
method is used to find the break-up point. PIV is 
used to measure the velocity field of the structures 
on the liquid jet surface. 
10 5241 112 275 5 
14 7411 112 275 10 
20 10481 112 275 20 
29 14822 112 275 40 




A novel method 
to locate the 
column break-up 
point 
Same configuration with [35]  but two different 
nozzles are used: 
1. Sharp edged orifice: D=457 μm, L/D=10.The 
light scatters away for liquid Re>16000 
(cavitation bubbles), produces a turbulent liquid 
column, jet disintegrates due to jet turbulence, a 
large number of droplets are formed close to the 
orifice, spray has larger droplets, smaller break-
up time. 
2. Round-edged orifice: D=457 μm, L/D=1. Less 
turbulent liquid column, very small jet 
disintegration, higher spray penetration. 
Optical connectivity is used as before. 
𝑼𝒋 𝑹𝒆𝒋 𝑼𝑮 We MFR 
11 5208 112 1000 2.5 
16 7365 112 1000 5 
22 10415 112 1000 10 
32 14729 112 1000 20 
39 18040 112 1000 30 
45 20830 112 1000 40 
50 23289 112 1000 50 
55 25512 112 1000 60 
59 27556 112 1000 70 
63 29459 112 1000 80 
71 32936 112 1000 100 
78 36079 112 1000 120 
84 38970 112 1000 140 
90 41661 112 1000 160 
95 44188 112 1000 180 
 
𝑼𝒋 𝑹𝒆𝒋 𝑼𝑮 We MFR 
19 8627 66 340 20 
20 9074 69 390 20 
21 9969 76 460 20 
25 11520 88 610 20 
27 12494 95 720 20 
28 13151 100 800 20 
32 14729 112 1000 20 
34 15650 119 1150 20 
35 16044 122 1200 20 
37 17004 129 1350 20 
It was found that for the range of operating 
conditions used (We>300), the time taken for break-
up and hence the distance between the orifice and 
the break-up point were smaller than the ones 
reported by other researchers for We<300. 
The optical connectivity technique also showed the 
phenomenon of the liquid jet column splitting into 
two or more columns. This phenomenon could be 
the primary reason for the observed fluctuations in 
spray penetration and spread. 
For the sharp-edged orifice and for Re>16000, the 
laser light was scattered within the injector orifice, 
showing the presence of cavitation bubbles. 
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Spray structure in 
near-injector 
region of aerated 
jet in subsonic 
cross-flow 
Study of break-up of aerated liquid jet in subsonic 
cross-flow in a wind tunnel with a contraction 
ratio 16:1. Gas is supplied from a storage tank, 
and meets with the liquid inside the nozzle by 
travelling through the inner tube and passing 
through 100 μm holes (dj=1 mm) located near the 
end of the injector. 
Digital double-pulsed holograms were recorded at 






Gas and water are pressurised to 1.1 MPa 
The wind tunnel was set at speed UG =
61 m/s to keep the liquid to gas MFR=0.74. 
The holograms were numerically reconstructed at 
different span wise distances. To visualise the entire 
structure of the liquid jet, a spray map was 
constructed by patching several reconstruction 
holograms with high resolution. Droplet sizes, 
locations and 3D velocities were measured. Most 
droplets are non-spherical so they were considered 
to be elliptical and were characterised by the 
equivalent spherical diameter. Velocity distributions 
were uniform in the near-injector region. Droplet 
size distribution followed Simmons’ universal root 





Effect of nozzle 
length/ diameter 
ratio on the break-
up of liquid jets in 
cross-flow 
The pressurized air was stored on the upstream 
side of a solenoid valve. A baffle was used to 
control mixing of the air and the test liquid. 
Nozzle with a smooth rounded entrance having a 
radius of curvature equal to the nozzle passage 
radius followed by a round constant area passages 
with L/dj=10,20,40. The nozzle diameters used 
were 2 and 4 mm. Non-cavitating water flow. 
Single and double pulsed shadowgraphy and 
holography were used. 
Uj = 10 − 40 m/s 
UG = 69 m/s 
Wej = (1 − 10) × 10
3 
WeG = 376, 332, 166 
Rej = (1 − 10) × 10
3, ReG ≈ 10
4 
Oh=0.0017 
Liquid to gas MFR=17-275 
Eddies are generated along the injector passage. 
This behaviour is strengthened when using a longer 
passage length injector at high Re. The break-up 
length decreased with the increase of L/𝑑𝑗 for the 
same 𝑑𝑗 due to the increased turbulence introduced 
from the longer passage. Jets issued from longer 
injector passages tend to have earlier transition to 
turbulent primary break-up. Turbulent break-up was 
observed for WeLΛMFR






Both underexpanded sonic gas jets from a 




= 2.7, 3.8, 6 
The SN-type develops wider spray which lowers the 
probability of droplet coalescence and generates 
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[54] jets and their air-
blast sprays of 
cross-injected 
liquid 
and overexpanded supersonic gas jets from a 
converging-diverging nozzle (CD-type) with 
dj=3.86 mm and 3.12 mm throat diameter and 
A/A*=1.53, were visualized with Nd: YAG 
pulsed laser sheets. 
P=1.68, 2.37, 3.72 bar 
M=0.89, 1, 1.88 
finer sprays. Thus, the SN-Type develops similar 
spray angles regardless of R. The spray angle of the 
CD-Type nozzle gradually decreases with 
increasing R. The CD-Type tends to restrict the 
spray within its contact surfaces and develops 










of turbulent round 
liquid jets in 
uniform cross-
flows 
Rectangular shock tube. Pressure injection was 
used to feed the test liquids from a cylindrical 
chamber into round nozzles directed vertically 
downward the midplane of the shock tube. The 
liquid was drawn from the bottom of the chamber 
to prevent bubbles. Injector passage with a 
diameter of 1 and 2mm. Nozzles with smooth 
rounded entrances and L/dj>100 to insure fully 
developed turbulent pipe flow at the jet exit for 
large Re. Pulsed shadowgraph and holograph 
observations were obtained. 
For water: Uj = 9.9 − 19.8 m/s, Rej =
12100 − 48200, Wej = 1400 − 11000, 
WeG = 0 − 159, liquid/gas MFR=3-200, 
liquid Oh=(3-4)×10−3 
 
Ethyl alcohol: Uj = 10.8 − 21.1 m/s, 
Rej = 7100 − 27600, Wej = 4200 −
32200, WeG = 0 − 282, liquid/gas 
MFR=20-100, liquid Oh=(80-120)×10−3 
Cross-flow enhances the formation of ligaments and 
drops and accelerates the onset of break-up. SMDs 
increase with increasing streamwise distance. The 
correlation between SMD and streamwise distance 
is not affected by cross-flow, suggesting that the 
turbulence in the jet determines the break-up. Mean 
drop mass flux over the downstream projected area 
of the liquid jet is in good agreement with [42], even 
though break-up times and lengths of the turbulent 
liquid columns are smaller than those for the non-
turbulent, demonstrating the influence of turbulent 





at the surface of 
turbulent round 
liquid jets in still 
gases 
Same configuration with [40]. Nozzle with a 
smooth rounded entrance (radius of curvature 
equal to the passage radius) followed by round 
constant area passages, with L/dj>40 to insure 
fully developed turbulent pipe flow at the jet exit 
for large Re. Test liquids: water and ethanol with 
jet exit dj=1.9, 4.8 and 8 mm. Single- and double- 
pulse shadowgraphy and holography. 
Uj = 3 − 40 m/s 
ρj
ρG
=860 (water), 690 (ethanol) 
Rej = 5000 − 200000 
Wej = 235 − 270000 
Ohj = 0.0015 − 0.0053 
Normalised break-up length: 50-300 
3 liquid column break-up modes: weakly turbulent 
Rayleigh (We<300, Re<5000) with a break-up 
length given by L/dj = 5We
0.5, turbulent break-up 
(600<We<30000) given by L/dj = 2.1We
0.5 and 
aerodynamic bag/shear break-up (We>30000) given 
by L/dj = 11(ρj ρG⁄ )
0.5. At turbulent break-up, 






Break-up of round 
non-turbulent 
liquid jets in 
gaseous cross-
flows 
A rectangular shock tube (width 38 mm, height 64 
mm) as described in above [40]. 3 round 
supercavitating nozzles that had sharp-edged 
inlets and exits, with L/dj<3 and dj=0.5, 1, 2 mm 
were used. The nozzle is located along the axis at 
the bottom of the test chamber which contains the 
liquid. This arrangement yields uniform non-
turbulent round liquid jets. Pulsed holography and 
shadowgraphy were used. 
𝜌𝑗
𝜌𝐺
=845 (water), 683 (ethyl), 1021 (glycerol) 
Wej = 30 − 260 (water, ethyl, glycerol) 
Liquid/gas MFR=3-200 (water), 20-100 
(ethyl), 70-100 (glycerol) 
Liquid jet Oh×10−3=3-5 (water), 80-120 
(ethyl), 120 (glycerol) 
Break-up is not strongly affected by the MFR for 
low values of MFR. Transition to multimode break-
up occurred at We=30 and to shear break-up at 
We=110. Measurements of break-up length agree 
with [56] but yielded different time of break-up. 
Drop velocities are independent of the drop sizes 
and approximate the 𝑈𝑗. Ligament diameters are 
associated with the stripping of the liquid. Increase 
of the diameters in the streamwise direction. 
Rayleigh break-up causes the formation of drops 





From the review of investigations conducted in a cross-flow geometry, it can be seen that many 
different configurations have been used to atomise the liquid jet. In most of the above investigations 
the jet is directed vertically downwards into the test section of a wind-tunnel and the airstream 
produced by the wind-tunnel is used as the cross-flow stream. The presented configurations differ 
between them in the way the liquid is injected into the cross-flow airstream, the injecting angle, the 
number of injecting nozzles used as well as the spacing between them, the geometry of nozzle(s), 
such as the jet exit diameter and the length to diameter ratio, the jet to cross-flow velocity ratio and 
the applied pressure in liquid and gas streams. As explained previously, not many investigations have 
used swirl air in cross-flow applications. Therefore, the mechanism and physics behind this 
atomisation process are currently not well known. The various geometries and conditions that have 
been used in cross-flow applications can provide extensive information on the most important 
dimensionless ratios, such as Re, We, momentum ratio and the jet to cross-flow velocity ratio and their 
impact on the atomisation process. Hence, their study provided significant data that were useful in the 
design and implementation of the jet in a cross-flow atomiser. The extensive study of the 
investigations found in the literature, allowed the estimation of some important data, such as the liquid 
jet trajectory, the break-up length and the droplet sizes produced, before assembling the atomiser. 
These data were estimated by applying the different correlations that were found in the literature, even 
though they were established in different configurations. The comparison between the experimental 
results produced by the cross-flow atomiser and the established correlations in literature is particularly 
interesting and showed that the correlations established in large cross-flow geometries cannot be 
completely applied to the cross-flow atomiser. More details about this comparison can be found in 
Chapter 5.3. 
The most challenging task in cross-flow applications is the design of the orifice from which the 
liquid jet emits. In the investigations that were reviewed in the above table, both sharp and round-
edged orifices were used. It is suggested that sharp edged orifices produce a turbulent liquid column 
and the liquid jet disintegrates earlier (shorter break-up length) due to the jet turbulence produced that 
leads to the formation of instabilities. Moreover, large droplets are formed close to the orifice, and 
generally, the products are of a larger diameter. Round edged orifices produce a less turbulent liquid 
column and the jet disintegration is slower because of the lack of instability formation, given that all 
the other parameters are kept constant. In addition, a higher spray penetration is observed. Even 
though both types of orifice have been well tested, round edged orifices are mostly preferred because 
of the ability to produce finer atomisation products and to control the process better. Another 
important parameter is the length to diameter ratio (L/𝑑𝑗) of the liquid nozzle. The bigger this ratio is 
the more turbulent the liquid column becomes. If a certain value is exceeded the liquid column 
becomes fully-turbulent. In the above investigations the L/𝑑𝑗 ratio varied between the values of 0.66 
and 40 with the only exception being the investigation performed by Lee et al. [40] where L/𝑑𝑗 was 
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greater than 100 to ensure a fully developed turbulent pipe flow at the jet exit for large Reynolds 
numbers. The commonest values used are between 1 and 10. 
The design of the gas nozzle is equally important because it determines the variation of the gas 
velocity that can be applied. There are two limitations that apply to the design of the gas nozzle 
diameter in the present investigation. It should be small enough so that the atomisation is achieved, as 
the cross-flow airstream should retrieve enough velocity to deform the liquid jet and produce fine 
spray. It should also be large enough to allow the liquid jet to exit the gas nozzle without impinging 
on the opposite wall since the gas nozzle surrounds the liquid nozzle. 
The liquid to gas Momentum Flux Ratio (MR) of a liquid jet in a cross-flow gaseous stream is 





2                       (Equation 1-15) 
where 𝜌𝐿 and 𝜌𝐺 are the densities of the working liquid and the cross-flow gas respectively and 𝑈𝑗 and 
𝑈𝐺  are the velocities of the liquid jet at the exit and cross-flow airstream respectively. Since the two 
working fluids are kept the same, the momentum ratio depends on the square of the jet to the cross-
flow velocity ratio. This ratio basically describes the boundary flow conditions for the same 
configuration. The estimation of the range of values of MFR is important and useful for the design of 
the cross-flow atomiser as it determines the trajectory that the liquid jet will follow. In the above 
investigations, MFR varies within a broad range of values because different geometries were used. On 
this occasion, the Momentum Ratio (MR), which is given by Equation 1-12, would be more indicative 




1.6. Current contribution 
The contribution of this thesis is summarised in the present section. As identified in the literature 
review, significant research has been performed in coaxial spray geometries, whereas it is not the case 
for cross-flow sprays. Therefore, the main focus of this thesis is on the characteristics of the cross-
flow sprays. Nonetheless, there is still an important contribution to the break-up process of coaxial 
atomisers. 
The literature review of coaxial atomisers, showed that many different experimental techniques 
were applied to straight jets, in order to measure the break-up length. The early purpose of the current 
research is to evaluate and compare some of the commonly used techniques, such as electrical 
connectivity and high-speed shadowgraphy, and compare them with the optical connectivity, a novel 
technique for the characterisation of the break-up process. Special attention is paid to the latter, which 
seems to be the most precise and reliable technique for measuring the break up characteristics of 
continuous liquid jets. Due to this, an evaluation of optical connectivity is performed for both straight 
and deflected liquid jets by comparing the experimental results with the established numerical 
analysis found in the literature. 
A lot of work has been performed to identify the mechanisms that lead to the break-up of the 
straight liquid jets. In order to detect the developed instabilities along the continuous liquid jet and 
their contribution to the break-up process, Proper Orthogonal Decomposition (POD) is applied over 
large samples of fluorescent images of the optical connectivity technique. Since the surrounding 
droplets are not observed in this case, the orthogonal modes focus completely on the morphology and 
structure of the liquid jet and identify the features that develop on the liquid column by also 
displaying their amplitude too. POD is also applied to high-speed shadowgraphic images of the liquid 
jet in coaxial atomisers. Such analysis provides information on the dependence of the downstream 
spray characteristics on the atomisation region, since the dispersion of droplets is obviously 
determined by the large scale instabilities of the liquid column. The image reconstruction of the 
modes extracted from both optical connectivity and high-speed shadowgraphic imaging displays the 
complexity of the coaxial atomisation process and highlights the regions which contribute more to the 
development of the break-up process and spray formation. 
Thereafter, the attempt to correlate the instantaneous break-up lengths to the instantaneous 
droplet sizes produced by the break-up of straight liquid jets is a novel contribution. Although there 
are studies in the literature that correlate the upstream and downstream spray characteristics, these are 
all focused on the average quantities. However, the simultaneous use of optical connectivity and 
Interferometric Laser Imaging for droplet sizing (ILIDS) to characterise the sprays in this thesis and 
the calculation of the associated correlations between the instantaneous data are unique. This work is 
performed in the present thesis with the objective to illustrate the correlation of the different droplet 
classes that are formed downstream the jet, with the break-up length for several time delays between 
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the two techniques. 
As shown earlier in the literature review, the atomisation process of liquid jets in a gaseous 
cross-flow stream and the involved physics are not yet well understood. There has been some work 
performed in this field but it is mostly limited to the averaged spray characteristics. The geometry of 
the cross-flow atomiser that was designed and manufactured for this thesis is unique and allows the 
study of a more realistic geometry relative to practical atomisers. Therefore, the research carried out 
in this geometry provides additional information on the behaviour of cross-flow sprays. In order to 
study the structure of the deflected liquid jets by the cross stream, fluorescent images based on optical 
connectivity technique are captured simultaneously from two different viewing angles, namely one 
vertical and the other normal to the liquid jet exit centreline. Since the geometry of cross-flow liquid 
jets is not symmetrical, this study contributes to the identification of the structural and surface 
instabilities that develop along the deflected liquid column. To further understand the break-up 
mechanism involved in such sprays, POD is then applied to the fluorescent images of the optical 
connectivity technique captured from both viewing angles. The simultaneous study of cross-flow 
liquid jets from two different viewpoints provides novel information regarding their structure that is 
not possible to detect by only studying them as one-dimensional geometries. 
The correlations between the instantaneous break-up length characteristics and the downstream 
droplet sizes are also calculated for the cross-flow jets by combining optical connectivity and ILIDS 
techniques. Since there are more quantities that characterise the deflected liquid jets in comparison to 
coaxial atomisation, their individual correlation with the downstream droplet sizes provides novel 




1.7. Outline of the thesis 
The following Chapter 2 describes the experimental arrangements considered in this thesis and 
their principles. Initially, the geometry of both coaxial and cross-flow atomisers is explained, while 
later, each experimental technique and method applied to these geometries is discussed separately. 
Chapter 3 provides an evaluation of the optical connectivity technique when applied to both 
coaxial and cross-flow geometries. The light intensity emitted by the liquid jet along its length, due to 
the addition of fluorescent dye, is studied for different boundary conditions and compared to 
numerical simulation data found in the literature. This study focuses on the examination of the effect 
of the inclination of the liquid jet, which is relevant to the jet in a cross-flow geometry. 
The experimental investigations carried out in the coaxial atomiser and the corresponding 
findings are discussed in Chapter 4. To begin with, three different techniques are used to measure the 
break-up length of the continuous straight liquid column, namely electrical connectivity, high-speed 
shadowgraphy and optical connectivity. The three techniques are then evaluated by comparing the 
experimental results. Afterwards, POD is applied to the fluorescent optical connectivity and high-
speed shadowgraphic images to identify the structure of the liquid jet and the characteristics of the 
downstream region respectively. Finally, the droplet sizes are measured with a specified time delay 
after the break-up length of the liquid column by combining optical connectivity and ILIDS. This 
study aims at identifying the correlation between the upstream and downstream spray characteristics. 
Chapter 5 provides the experimental results of the investigation in the cross-flow atomiser. For 
the break-up measurements of the liquid jet, dual viewing optical connectivity is used. For this 
purpose, two cameras placed at two different viewpoints record simultaneously the luminous liquid 
jet. The first is placed vertically to the jet exit centreline, while the second one is placed opposite the 
liquid jet exit. The findings are then compared to the established correlations in the literature in order 
to evaluate the similarities between the spray produced by the present atomiser and the spray 
produced by other cross-flow geometries. Subsequently, the fluorescent images of the optical 
connectivity technique, captured from both viewing angles, are analysed by using POD to allow the 
study of the instabilities that develop along the deflected liquid column. Lastly, the instantaneous 
break-up length characteristics are correlated with the downstream droplet sizes by combining optical 
connectivity and ILIDS.  
The last chapter, Chapter 6, provides a summary of the conclusions and the scope for future work 
for both coaxial and cross-flow geometries. In the last part of the thesis, the references and appendices 




Chapter 2 -  Experimental Arrangements and Methods 
 
2.1. Introduction 
The experimental procedures that will follow were carried out in two different air-blast atomiser 
configurations: coaxial and jet in cross-flow. The former already existed in the lab and the latter was 
designed and assembled during the course of this research assignment. In the present chapter the two 
air-blast atomisers will be described, while more details on the design parameters of the cross-flow 
atomiser, which is a novel geometry and requires more analysis, are given in the appendix. 
 Subsequently, the arrangement of the experimental techniques that were applied to the two 
atomiser configurations and the methods that were applied during the processing of the experimental 
results will be presented in detail. Initially, different break-up length techniques are described. These 
techniques were used in the coaxial atomiser and they were evaluated to find out which works better 
and can measure more accurately the break-up length. The first technique presented here is high-speed 
photography which allowed the capture of time-resolved images of the spray ensemble. The detection 
of the break-up length of liquid jets can be ambiguous with high-speed shadowgraphy measurements. 
Thus, more techniques were applied for the characterisation of a continuous liquid core. Such a 
technique is electrical conductivity, which was applied only in the coaxial atomiser in the present 
work. Another technique used for that purpose is optical connectivity, the principle and 
implementation of which are described in the present chapter. Optical connectivity is a novel 
technique which is used to illuminate internally the continuous liquid column and, in the present 
study, it was applied to both atomisers. A detailed analysis and comparisons between the three 
techniques will be presented later in Chapter 4.2. 
The arrangement of Interferometric Laser Imaging Droplet Sizing (ILIDS), which is a technique 
capable of measuring droplet sizes and velocities on a plane defined by a laser sheet, is also described. 
In order to measure the break-up length and the downstream droplet sizes simultaneously, optical 
connectivity and ILIDS are combined and used in both atomisers. Finally the main principle and 
background of Proper Orthogonal Decomposition, which is used in the characterisation of spray 




2.2. The coaxial air-blast atomiser 
The coaxial air-blast atomiser is shown in Figure 2-1. It is a twin fluid air-blast atomiser and the 
working fluids used are water and air. The configuration of water and air supplies is shown 
schematically in Figure 2-2. The atomiser is placed vertically and the water is delivered from the 
water tank (A) to the pump (B) and then to the internal liquid tube of the atomiser which is placed 
axially and has an internal diameter of 2.3 mm and an external one of 2.95 mm. The liquid tube is 
manufactured by stainless steel while the other parts of the atomiser are made of aluminium. The 
water flow rate can be adjusted from valves (C), (D) and (L). Then, it can be measured by two 
Rotameters (E), which are connected in parallel. The first one can measure on a scale of 0-2 L/min 
with a 0.05 L/min resolution and the second one on a scale of 0-0.3 L/min with a 0.01 L/min 
resolution. The valve (F) is used to adjust the quantity of air and send it to the two parallel connected 
flow switches (G). The bigger one can measure a flow of air between 600 and 12000 L/min with a 
resolution of 10 L/min and the second one between 150 and 3000 L/min with a resolution of 5 L/min. 
The two flow switches can be used simultaneously and deliver, in total, a maximum quantity of air up 
to 15000 L/min to a manifold placed just before the atomiser, which is responsible for splitting the air 
into 4 parts and send it to the 4 axial inlets which are placed diametrically on the gas nozzle (Figure 
2-1). For the measurements performed in coaxial atomiser, only the small flow rate switch is used as 
there is no need for higher gas velocities. The larger flow rate switch is used in cross-flow 
investigations where the need for gas supply is higher. The gas nozzle surrounds the liquid tube and 
has an internal diameter of 80 mm at the top part of the atomiser which reduces through a contraction 
to 14.95 mm at the nozzle. The annular gap between the liquid and the gas nozzle is 12 mm. 
The two working fluids are exhausted axially down the nozzle with a significant velocity 
difference; low liquid velocity compared to a high air velocity. The kinetic energy of the flowing 
airstream is used to disintegrate the liquid jet and achieve the atomisation according to the liquid and 
gas conditions used. The atomised liquid is collected in the tank (I) and through the use of the water 
pump (J), it is returned to the main water tank (A) to recirculate in the system. 
It has to be noted that the configuration of fluid supplies remained the same on the occasion 
when the cross-flow atomiser instead of the coaxial atomiser was operating. Interchangeable 





Figure 2-1. Geometry of the coaxial air-blast atomiser. 
 
 
Figure 2-2. Air and water supply in the atomiser.  
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2.3. The cross-flow air-blast atomiser 
In this configuration the liquid jet is exposed to a cross stream of air. The cross-flow atomiser 
was specifically designed to accommodate optical connectivity in a similar way to the coaxial 
atomiser. A schema of the cross section of the atomiser is presented in Figure 2-3. 
The air flow is supplied by the two flow switches described above at the four inlets at the far end 
of a cylindrical plenum chamber (9). The chamber is closed at the far end by a plate (7) and at the 
other side it is connected to a contraction (3) of 38 mm exit diameter that is used to accelerate the air 
flow. The contraction ends in a straight nozzle (1), which is extended by a straight quartz tube (8). 
The quartz tube contains the air flow stream and, in addition, allows optical access to the flow. The 
length of the quartz tube is such that allows atomisation of the liquid jet to take place within its length; 
specifically it extends 18 mm downstream the liquid jet exit. This geometry allows the recording of 
the continuous liquid jet and its break-up, while the surrounding air flow velocity remains constant 
along the continuous liquid column. The assembly of the above components comprises the main body 
of the atomiser. 
The atomising liquid is delivered by a long straight stainless steel tube of a circular cross-section 
(2) with a 5mm internal diameter and an 8 mm external diameter. The tube is supported along the 
centreline of the main body of the atomiser by an annular plastic ring, which fits at the inner surface 
of the cylindrical plenum chamber halfway the total length of the atomiser. One end (6) of the tube is 
connected to the liquid supply, while the other end is closed. The total length of the liquid tube is 430 
mm and consists of two parts which are glued together, whereas, the main part and the nozzle have a 
total length of 30 mm. This construction enables the modification or replacement of the nozzle. A 
circular hole with a diameter of 1 mm was drilled at the nozzle, at the side of the tube normal to the 
tube centreline at the start of the transparent nozzle, 18 mm up the bottom end (detail in Figure 2-3). 
In this way, a liquid jet could be injected normal to the air flow within the bounds of the transparent 
nozzle which allows its observation. The annular gap between the central (liquid) tube and the quartz 
tube is 15 mm. The liquid jet has to be confined within this space. Thus, the applied liquid and air 
velocities should be chosen carefully in order to introduce sufficient deflection on the liquid jet to 
avoid its impingement on the opposite wall and at the same time to prevent its filming along the 
length of the liquid delivery tube. For the implementation of the optical connectivity technique, an 
optical window (14) with a diameter of 2 mm was placed on the liquid delivery tube immediately 
opposite to the liquid exit, as shown in the detail at the bottom right of Figure 2-3. In combination 
with the transparent straight nozzle of the air flow, direct optical access is obtained at the back of the 
liquid injection orifice, so that a laser beam can be directed into the liquid jet for the purposes of the 
optical connectivity technique. More details for the implementation of optical connectivity are given 




Figure 2-3. Schema of the cross-flow atomiser. The detail at the bottom right shows the design of the 
liquid nozzle exit and optical window.  
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2.4. Electrical connectivity 
Electrical connectivity or conductivity is a technique that measures the conduction of electricity 
between a probe and the nozzle that produces the liquid jet by applying a potential. This method can 
indicate whether there is continuity of the liquid phase between the nozzle and the probe. In other 
words, if the liquid jet remains continuous in this region a closed electrical circuit will arise. The 
probe can be moved across different positions to determine the continuity of the liquid jet as a 
function of the downstream distance. 
Low voltages indicate low resistance between the nozzle and the probe, demonstrating electrical 
connectivity and, therefore, continuity of the liquid jet. On the other hand, high voltages indicate high 
resistance between the probe and the nozzle and, therefore, marginal or no continuity of the liquid jet. 
In the case of negligible conductivity, the voltage signal will be high because of the high electrical 
resistance formed between the nozzle and the probe. The maximum voltage signal that can be 
detected is the initial voltage of the supply and is met when the conductivity is completely non-
existent. 
The circuit that was designed for the purposes of this investigation is illustrated in Figure 2-4. A 
constant voltage of 10 V from a stabilised battery supply was applied between the liquid nozzle of the 
atomiser and a stainless needle probe, 1.1 mm in diameter. The probe crossed the centreline of the 
liquid nozzle at a normal angle to the axis of the atomiser. The distance between the needle probe and 
the nozzle was adjusted by a vertical traverse in the step of 1 mm. A 1 MΩ resistance was connected 
to the positive pole of the power supply and the probe in order to regulate the current in the circuit. 
The negative pole of the supplier was attached straight to the nozzle of the atomiser. The probe was 
initially placed just 1mm below the nozzle and was moved downstream with increments of 1 mm until 
the constant voltage of 10 V supplied by the battery was obtained. At each position 1024 
measurements were acquired and the average value and other statistical quantities were calculated. 
Furthermore, in order to minimise the produced electrical noise, the circuit was grounded at specific 
points. These points can be detected in Figure 2-4. The potential between the nozzle and the probe 
was recorded by a 12-bit National Instruments PCI-6023E analogue to the digital converter. The 
acquisition rate of the potential between the probe and the nozzle of the A/D converter was 
synchronised according to the 20 KHz frame rate of a high speed camera, which is described in 




Figure 2-4. Schema of the implementation of the electrical connectivity technique on a spray.  
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2.5. High-speed shadowgraphy 
For the photographic imaging a Photron Fastcam-APX RS camera fitted with a 105 mm lens was 
used. The camera was operated at 2000 frames/sec and full resolution (1024x1024) in order to obtain 
a temporarily resolved sequence of images for each flow condition. The temporally resolved 
photographic record makes the determination of the break-up point less ambiguous in cases where the 
full length of the atomising jet is not clearly visible. This occurs when the products of atomisation 
obstruct optical access to the liquid jet as the breaking point can be traced upstream for the sequence 
of frames. The source of illumination was a 100 W lamp that was placed behind the liquid jet so that 
the imaging of the shadow of the liquid jet was in the forward scattering direction (Figure 2-5). A 
light diffusing screen was used to allow the scattered light to reach the spray, while the reflected light 
was blocked. The high-speed shadowgraphy measurements were obtained at the same time as the 
electrical connectivity measurements, the arrangement of which was described earlier. 
 
 
Figure 2-5. Schema of the high-speed shadowgraphy arrangement.  
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2.6. Optical connectivity 
This technique was first proposed by Charalampous et al. [25] and is based on the principle of 
identifying the break-up position by illuminating the continuous liquid jet. It involves the introduction 
of a laser beam within the liquid nozzle to illuminate the liquid jet column (Figure 2-6). The laser 
light propagates downstream while reflecting on the gas-liquid interface. Due to the higher index of 
refraction of the liquid jet than that of the surrounding gas, a laser light ray that interacts with the 
liquid-gas interface at a sufficiently large incident angle undergoes total internal reflection. As a 
consequence, the laser beam is reflected completely back into the liquid stream at an angle that is 
equal to the angle of incidence and propagates downstream for a long distance; in the same way that 
light propagates along optical fibres. This phenomenon was first revealed by Colladon in 1842 [57]. If 
the angle of incidence is smaller than that of total internal reflection, some of the laser light will 
escape through refraction. This will cause the decrease of the intensity of the laser beam and, 
therefore, the reduction of the intensity of the light within the liquid jet after that point. The intensity 
losses of the laser light depend on the liquid jet structure; geometry and surface. If the geometry of the 
jet is simple, i.e. straight axial jet, the losses are limited in contrast to the more compound jets in cross 
flows. A smooth jet surface confines the losses and maintains a fairly uniform fluorescent intensity 
emitted by the liquid jet. On the other hand, if the jet surface is rough the light diminishes easily at a 
distance from the nozzle. More information about the applicability of optical connectivity and light 
losses within straight and inclined jets is given in Chapter 3 - , where the experimental results are 
compared to the numerical results found in [58]. 
To implement optical connectivity, fluorescent dye is added to the liquid tank. In the present 
investigation Rhodamine WT [59] is used. The addition of dye causes the absorption of some of the 
intensity of the laser beam and its re-emission as fluorescence at a longer wavelength, as the dye is 
excited by light at 532 nm and fluoresces strongly with a peak at 587 nm. At the breaking point of the 
liquid jet the propagation of the laser beam along the jet length is interrupted and the light is scattered 
and diffuses widely. A long pass optical filter that absorbs the laser wavelength at 532 nm and 
transmits the longer wavelengths of the fluorescent light is placed in front of the camera lens to 
suppress scattered light and allow the visualisation of the luminous core of the spray by avoiding the 
background noise caused by the scattered light. As a result of this, the break-up length of liquid jets 
can be calculated with great precision. A schema of the experimental arrangement used for the optical 




Figure 2-6. Principle of the optical connectivity technique. 
 
 




2.7. Interferometric Laser Imaging Droplet Sizing (ILIDS) 
ILIDS is a newly developed planar technique that can provide information on both velocity and 
droplet size measurements of transparent spherical droplets. It is based on the Mie scattering theory. 
The investigated region of the spray is illuminated by a pulse laser transmitter. Before the laser light 
reaches the droplets, it is converted into a thin (1 mm waist) laser sheet of Gaussian profile through a 
series of lenses, to illuminate a region downstream of the nozzle exit, where the ILIDS technique will 
be applied. 
When a single droplet is illuminated by a coherent laser source the result is seen in Figure 2-8. It 
is shown in [60] that for spherical droplets the scattered light can be obtained as a superposition of the 
reflected (𝑃0) and the first order of refracted light (𝑃1). The contribution of the higher orders is 
considered to be negligible in the forward scattering region. ILIDS was originally used in sparse 
sprays with dynamic and spatially varying features by Glover et al. [17]. The major difference 
between the arrangement proposed there and the arrangement used in the current research is that the 
signal is compressed through a far field arrangement of receiving optics in the latter. Therefore, a 
string fringe pattern is captured instead of a circular one. 
 
 
Figure 2-8. Reflected and refracted laser light scattered by a droplet [61]. 
 
The droplets located in the investigated region cause the scattering of light which is then 
collected by a lens. The lens is placed at such a distance from the laser sheet that it illuminates the 
droplets so that the reflected and refracted light rays generate glare points visible on the droplet 
surface. From the focus plane each droplet is viewed as two glare points and from the defocused, as a 
fringe (Figure 2-9). A far field arrangement of receiving optics [62] was fitted to a 12-bit PCO 
Sensicam QE CCD camera and their adjustment allows the focusing or defocusing of the recorded 
image. They are also responsible for compressing the signal received, which is the reason why the 
recorded fringe patterns are not round shaped but strings. The sizing measurements were performed at 
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a scattering angle of 69 degrees from the normal of the laser sheet. This angle is chosen for optimum 
fringe capturing for perpendicularly polarized light. More details are given later in this chapter. 
 
 
Figure 2-9. The resulting images as observed from the defocused, slightly defocused and focus plane 
[63]. 
 
When these points are imaged in a defocused mode, an interference pattern becomes visible with 
a shape that is determined by the aperture of the camera. This pattern is the interference between 
reflected and refracted light and because the one overlaps the other, it is visualised as a fringe on the 
defocused plane, whose number of fringes is proportional to the droplet diameter. This happens 
because the spacing of this pattern is proportional to the distance separating the two glare points that 
can be observed on the focus plane and, hence, to the droplet diameter. An image which has the 
characteristics of both focus and defocused planes is observed on a not-entirely-defocused plane. In 
this case the two glare points overlap each other and the fringe spacing is observed in the overlapping 
area. The principle of the ILIDS technique has been analysed by Zarogoulidis [64]. The current 
optical arrangement and data processing software is based on previous work. 
Before acquiring the ILIDS measurements, the camera is calibrated with the help of a calibration 
plate that has printed small crosses at specified spacing distances (2 mm). The calibration plate is 
placed in exactly the area that needs to be imaged and the Gaussian-profile laser sheet is aligned so 
that it illuminates the front surface of the calibration plate. The camera is then aligned to the same 
area on the calibration plate and focused on the crosses shown on the plate. To ensure that the camera 
is focused to the same degree throughout the imaged area and the subject is rendered sharply, the 
Scheimpflug condition is used. The Scheimpflug principle can be applied to the orientation of the 
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plane of focus of an optical system when the collecting lens is not parallel to the image plane. In order 
to adjust the focus it rotates the plane of focus along the lens axis rather than displace it (Figure 2-10). 
The disadvantage of the Scheimpflug condition is that the magnification varies across the image plane 
but as the viewing area is small, the variation is considered to be negligible. After the camera is well 
focused on the marks of the calibration plate, it is set on the defocused mode by distancing the 
cylindrical lenses of the far field arrangement of receiving optics, which is fixed in front of the lens of 
the camera. The length of the fringe patterns is proportional to the degree of defocus. Thus, the 
distance between the cylindrical lenses is determined by trial and error so that the imaged fringe 
patterns have length of a specific order, as the uniform length of the fringe patterns makes their 
detection simpler. By increasing the degree of defocus (and hence the length of the fringe patterns) the 
maximum limit of measurable droplet diameter increases. At the same time the fringe overlapping 
probability increases. On the contrary, if the length of the fringe patterns becomes very small, the 
overlapping area of the light from the two glare points, that represent the reflected and refracted light 
from the same droplet on the focus plane, is reduced. In this way it causes a distortion of the fringes. 
Therefore, the length of the fringe patterns should be chosen carefully to maintain the balance of these 
two restrictions. In the current arrangement, the fringe patterns have a length of approximately 180 
pixels. The droplet images with fringe patterns are compressed so that measurements in dense sprays 
can be obtained. 
 
 
Figure 2-10. The scheimpflug principle [65]. 
 
The laser beam of a diameter equal to 5mm, emitted by a double pulse Nd:YAG laser, is 
vertically polarised. By using a series of lenses, which are shown in Figure 2-11, the cylindrical laser 
beam is expanded into a Gaussian laser sheet. Initially, the beam is horizontally expanded by a pair of 
lenses, the first one being a Plano-concave lens (ƒ=-25 mm) and the second one a Plano-convex lens 
(ƒ=+75 mm). The next pair of lenses consists of the same types of lenses as the first one with focal 
lengths -25 mm and +100 mm, respectively. This pair causes the vertical beam expansion to the 
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required height. In the present investigation, the height of the expanded laser beam, ℎ𝐿, is 
approximately 20 mm. Finally, another Plano-convex lens with a focal length of +400 mm is used. 
This converts the expanded laser beam into a Gaussian laser sheet with a waist, 𝑊𝐿, of approximately 
1 mm. A pair of cylindrical lenses is placed between the camera and the collecting lens to allow the 
defocusing of the image (Figure 2-11 (a)). When the two lenses are brought together the image is 
captured in the focus mode. By increasing the distance that separates the two optics, the image is 





Figure 2-11. ILIDS arrangement as observed (a) from the plan view and (b) from the elevation view. 
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In the present investigation, the ILIDS imaged area of the spray has a width of approximately 12 mm 
and height of 8 mm. In the coaxial atomiser, the midpoint of the area is placed exactly below the 
centreline of the atomiser (Figure 2-12 (a)). On the contrary, the midpoint of the imaged area in the 
cross-flow atomiser has a radial distance r=6 mm from the central axis of the atomiser so that it is 
placed exactly below the emitted liquid jet, covering this way the biggest part of the annular gap 
(Figure 2-12 (b)). 
 
(a) (b)  
Figure 2-12. ILIDS arrangement in (a) coaxial atomiser and (b) cross-flow atomiser. 
 
2.7.1. Image processing 
The captured circular fringe pattern is initially compressed and converted into a string with the 
help of a pair of cylindrical lenses, which is placed in front of the camera. An example of a cylindrical 
and compressed fringe pattern is illustrated in Figure 2-13. The processing of compressed fringe 
patterns, each of which represents a single droplet, is very challenging and the applied method can 
determine the performance and effectiveness of the ILIDS technique. The difficulty lies in identifying 
accurately each interferogram in the compressed ILIDS image and locating the centre of each 
individual droplet in the fringe pattern when a velocity estimation of droplets is required. Because the 
image in ILIDS is defocused, it is not possible to identify the actual droplet centre in the fringe 
pattern. Thus, in the velocity calculations it is assumed that the droplet centre is the geometric centre 
of the fringe pattern, i.e. the mid-point of each string. The calculation of the width of each fringe 
should be accurate enough to avoid aliasing errors which can occur in both discrete and overlapping 
samples [18]. In dense sprays, where the droplet density is high, an interferogram can overlap a 
neighbouring one that represents an adjacent droplet. On such occasions, the Signal to Noise Ratio 
(SNR) is more likely to decrease. If the SNR decreases significantly the fringe pattern may turn out to 
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be of no use as the spacing will wear out. There are two approaches of calculating the spacing of the 
fringes and hence droplet sizes. The first is to estimate the spatial frequency of fringes and the second 
to just count their number. The former is preferred for the current application where the spray is dense 
because it is more rigorous at low SNR images. 
For the purposes of droplet size and velocity estimation in the present investigation the 
Continuous Wavelet Transform (CWT) algorithm is used, which was developed by Zarogoulidis [64] 
and modified and improved by Sahu [61]. The droplet sizes are measured by applying Fast Fourier 
Transform (FFT) along the horizontal lines where each fringe pattern is located. The detection of the 
length of the fringe pattern and its centre is very important and determines the accuracy of the 
estimated droplet sizes. The fringe spacing is found from the corresponding power spectrum. The 
CWT algorithm, unlike Fourier Transform, is suitable for analysing non-stationary signals with high 
and short frequency for short and long duration respectively. At high frequencies it can better resolve 
the examined region by providing adequate information on both space and time resolution. As the 
fringe patterns are signals of high intensity, the CWT is appropriate for determining the exact location 
of these high frequency components as the peak values of the wavelet transformation indicate their 
position in the image. The transformation is the same as the convolution of the discrete signal and 
produces a wavelet spectrum that contains discrete “blocks” of power by compressing the signal to the 
maximum possible degree [66]. By using FFT, two frequency components are obtained for each 
individual fringe pattern; the first is the high frequency component that provides information on the 
droplet diameter and the second is the pedestal component which is related to the droplet location. 
The frequencies are searched only above a minimum threshold that is chosen carefully through trial 
and error. Once the dominant frequency is determined the droplet diameter can be calculated by using 
Equation 2-1. The relationship between the droplet diameter (D) and the number of fringes (N) can be 
derived by considering that only the reflected (𝑃0) and the first order of refracted light (𝑃1) are 
scattered by the droplets, and that the illumination is spatially homogeneous [67]. 






m sin (θ 2⁄ )
√m2−2m cos(θ 2⁄ )+1
)        (Equation 2-1) 
where D is the droplet diameter, N the number of fringes, θ the scattering angle of the observation, α 
the collecting angle of the receiver, which is determined from the effective diameter of the objective 
lens and the distance of the object from that, and m is the relative refractive index of the droplet to the 
surrounding medium. For constant α, θ, λ and m the term in the brackets remains constant. Hence, the 
droplet diameter is proportional to the number of fringes. Concerning water droplets, which is the 
working fluid used in the present investigation, the ratio between reflected and refracted light is equal 
to 1. Therefore, for optimum fringe capture the scattering angle of observation, θ, is chosen to be 69˚ 
for perpendicularly polarized light. The ILIDS viewing area is often chosen to be small (in the present 
application is 12 mm × 8 mm) because for the same objective lens, a larger viewing area corresponds 
77 
 
to lower magnification, which results in a lower collecting angle α. As the collecting angle α becomes 
smaller the diameter per fringe that can be measured increases (Equation 2-1), showing that it is a 
compromise between the size of the viewing area and the lower limit of droplet sizes that will be able 
to be measured. 
A threshold for SNR is also chosen to eliminate the background noise and detect only the fringe 
patterns. Fringe patterns with SNR below this threshold are neglected, while those that satisfy this 
condition are called “detected” or “identified” droplets. Only these droplets will be considered in the 
calculations of the droplet number density, Arithmetic Mean Diameter (AMD) and Sauter Mean 
Diameter (SMD) that will be presented in the experimental results. The SNR threshold is also decided 
through trial and error and the chosen value will be given where it is necessary. The determination of 
this threshold, as well as for the other thresholds mentioned earlier, usually depends on the size of the 
examined droplets, the droplet number density and the laser power used. The lower limit of the 
measured diameter of droplets is determined by applying the following limitations: 
 The limit of applicability of the involved optics. The consideration that only the reflected and 
first order of refracted light are intersected in the scattering region is possible only when any 
πD λ > 5⁄  and since λ=532 nm, the lower limit of the droplet size measured is approximately 
0.85 μm. 
 The collecting angle α of the receiver. As explained earlier, the collecting angle α decreases as 
the ILIDS viewing area increases, resulting in an increase of the lower limit of the measured 
droplet size. In the present investigation, the maximum value of the factor in the brackets of 
Equation 2-1 is approximately 7 μm and corresponds to the minimum value of α. For this number 
the lower limit of measured droplet sizes is 14 μm. Thus, no droplets with a diameter smaller 
than this limit will be observed in the present investigation. 
 The maximum size of droplets is determined by the Nyquist criterion which states that the 
sampling frequency should be at least twice as much the fringe frequency calculated from FFT. 
Since a minimum of two pixels is required to represent a fringe, at least four pixels will be 
necessary to resolve a fringe with the use of FFT. Thus, the highest number of fringes in an 
observed pattern is given by Nmax = L 4⁄ , with L being the length of the fringe pattern in pixels. 
In the present investigation, L is approximately equal to 180 pixels and the factor in the brackets 
of Equation 2-1 is equal to around 7, thus 𝑁𝑚𝑎𝑥 is around 45 and the maximum diameter that can 
be measured is 315 μm. 
The droplet velocities can be quantified from the corresponding droplet displacement in the 2 
directions, as the time difference (dt) between two consecutive images is known. After the location 
and size of each detected droplet are known, the droplets should be tracked in both images. An 
interrogation window concentrates on a detected fringe pattern of size 𝐷𝑖 in the first image while the 
algorithm searches for any droplets with a size equal to 𝐷𝑖 ± 𝑘 in the corresponding area of the second 
78 
 
image, which is called the search window. The value k is to be defined by the user. The droplet 
displacement is, then, found by cross-correlating the interrogation window with the search window. 
The correlation can be acquired by either direct computation or FFT. The former is more accurate but 
requires greater processing time. To benefit from the advantages of both methods, a modified 
algorithm [67] which combines a correlation similar to the direct computation method but through 
FFT, was used. More details about the improved algorithm are given in [61]. The droplets that were 
detected in both the first and second images are called “validated” droplets. The ratio of the total 
number of detected and validated droplets is called validation ratio and for two-phase measurements 
is usually around 50%. The details of the image processing and the validation procedure of the 
individual images were not developed as part of this thesis; instead they are used according to 
Zarogoulidis [64] and Sahu [61]. 
 
 




2.8. Combined optical connectivity and ILIDS 
In order to attempt to relate the instantaneous break-up characteristics with the downstream 
droplet sizing, Optical Connectivity and ILIDS can be used simultaneously. ILIDS measurements are 
acquired with a designated time delay (dt) after the Optical Connectivity measurements. The time 
delay will determine which droplets formed upstream during the break-up process, will be transported 
to the ILIDS measuring region. Theoretically, it can be assumed that all the droplets formed, will 
travel with the gas stream velocity but practically this is not accurate because only the very small 
droplets will be able to follow the gas stream. The larger droplets will be transported to the size 
measuring region later. Therefore, the correlation between the break-up length and the droplet sizes 
can be very challenging and has to be estimated for different time delays. 
In order to acquire the combined measurements a double pulsed Nd: YAG laser is used and the 
beam is divided into two parts. One beam is used for the purposes of optical connectivity. This beam 
is either directed through the top of the stainless steel liquid tube, if the measurements are performed 
in the coaxial atomiser (Figure 2-14), or focused on the optical window behind the jet exit, if they are 
performed in the cross-flow atomiser (Figure 2-15), to illuminate the liquid column internally as 
described in Chapter 2.6. The other beam is converted through a series of optical lenses into a thin 
Gaussian sheet of an 1mm waist, to illuminate the ILIDS imaging region. The ILIDS region has size 
12x8 mm and its radial distance from the atomiser centreline is such that it is placed exactly below the 
annular gap, where the liquid jet meets the gas stream in the case of the cross-flow atomiser. In the 
case of the coaxial atomiser the ILIDS measuring window is placed exactly below the injecting 
nozzle. Thus, the radial distance from the atomiser centreline is r=0. In order to correlate the break-up 
and the droplet sizing data at different distances downstream of the nozzle, a 3D-moving table, which 
allows the adjustment of both optical connectivity and ILIDS and the distance between the beam of 
the first method and the laser sheet of the second, is used. 
The atomised liquid is again doped with Rhodamine WT fluorescing dye, which is excited by the 
second harmonic of the laser beam at 532 nm, to illuminate the liquid jet for the purposes of optical 




Figure 2-14. Combined Optical Connectivity and ILIDS arrangement in the coaxial atomiser. 
 
 
Figure 2-15. Combined Optical Connectivity and ILIDS arrangement in the cross-flow atomiser. 
 
In addition, two 12-bit PCO Sensicam QE CCD cameras are used, the one to record the 
fluorescent intensity images and the other the fringes produced by the illuminated droplets. The two 
cameras are triggered with time difference (dt), as explained earlier, to capture the droplets 
downstream the nozzle with a time delay. The fluorescent camera can be placed at two different 
angles; either at a normal angle to the jet to record the side view of the jet or normal to the jet exit to 
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record the front view of the jet. An OG590 optical filter is fitted to the camera lens to suppress the 
scattered light at 532 nm and at the same time to allow transmission of the red-shifted fluorescence 
spectrum of the dye. The second camera, responsible for recording the fringes, is set at a defocused 
mode with a far-field arrangement of receiving optics at 69 degrees from the normal of the laser sheet, 
as described in Section 2.7. 
Before the combined measurements are recorded, double frame ILIDS images are captured for 
each flow condition to allow the evaluation of the velocity of the droplets and decide the range and 
intervals of time differences that need to be used between the two techniques. To achieve this, both 
pulses of the Nd: YAG laser are assigned to the ILIDS camera and are triggered with a small time 
difference (10 μs). The double frame ILIDS images will permit the calculation of the distance each 
droplet travelled, and since the time difference is known, the velocity of each droplet that was 
captured by the camera can be found. The velocity profile for the set of images of a certain flow 
condition is used as a guide in the calculation of the time differences that need to be applied when 
optical connectivity and ILIDS are used simultaneously.  
The fastest droplets of those formed upstream in the break-up event, which are those of the 





         (Equation 2-2) 
where y (in meters) is the streamwise distance between the two positions where optical connectivity 
and ILIDS are applied and 𝑈𝑐𝑓 is the cross-flow air stream velocity (m/s). The rest of the droplets will 
arrive gradually after longer time intervals. The biggest ones are expected to arrive at time differences 
greater than calculated 𝑑𝑡∗, depending on their size. Indicatively, for a jet velocity equal to 0.4 m/s 
and gas velocity equal to 44.5 m/s, droplets with a size between 150 and 250 μm move downstream 
with a velocity that ranges between 15 and 20 m/s, while the majority of the droplets of a size smaller 
than 50μm adopts the gas stream velocity. This means that the latter class of droplets will travel a 
distance of 80 mm after 1.8 ms, whereas the former class will need more than 5 ms.  
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2.9. Proper Orthogonal Decomposition (POD) 
Proper Orthogonal Decomposition or Principal Component Analysis (PCA) is a useful 
mathematical technique which is usually used to convert the correlated initial data into uncorrelated 
variables and reduce the dimensionality of the data set while retaining all the important information. It 
uses an orthogonal transformation to achieve this. The transformed uncorrelated variables are called 
Principal Components and represent the directions along which the variation is maximum. It is the 
most efficient linear decomposition method because it captures the largest amount of kinetic energy of 
variations and it is based on Loeve’s probability theory [69] which is a representation of a stochastic 
process as an infinite combination of orthogonal functions, similar to a Fourier series. 
The number of Principal Components could be equal to or less than the number of the original 
variables included into the initial set of observations according to the information that needs to be 
kept. The orthogonal Principal Components are hierarchized according to their variance. The more 
energetic ones with the largest variability, are considered to be the strongest components which can 
better describe the original observation. The strongest Principal Component is the one that 
corresponds to the highest eigenvalue and it can usually describe a substantial percentage of the 
original observation, depending on the complexity of the observation, without considering the other 
components. 
POD is generally used to analyse data sets into their main characteristics and has been applied to 
fields such as face recognition and image compression. It has also been very useful in the analysis and 
modelling of turbulent flows to give some indication of the swirl structure [70], ensembles of velocity 
fields in internal combustion engines [71], where the POD modes give some indication of the swirl 
and make it possible to describe the evolution of the spatial complexity of the flow. It is also used in 
cross-flow atomisation [55] to provide an analysis of the liquid jet dynamics and identify the jet 
deformation. Finally, POD has applications in the computational processing, while some numerical 
examples can be found in [72]. 
 
2.9.1. The basic theory 
When POD is applied to turbulent flows it decomposes the function that describes the flow in 
terms of space and time, 𝑧(𝑥, 𝑡), into a sum of products of spatial eigen-functions, 𝜑𝑛(𝑥), and time-
dependent orthonormal coefficients, 𝑎𝑛(𝑡): 
z(x, t) = ∑ an(t)
M
n=1 φn(x)    (Equation 2-3) 
where n is the number of eigen-functions considered and M is equal or less than the data sample, N. 
Equation 2-3 shows that space and time components are related and each spatial eigen-function 
matches with a temporal coefficient, which displays the time evolution of the space component. 
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ι=1      (Equation 2-4) 
 






i=1       (Equation 2-5) 







z(f2, t)dt          (Equation 2-6) 
then the eigenvalue problem, 𝐵𝑥 = 𝜆𝑥, where λ denotes eigenvalues and x eigenvectors, can be 
written as the sum of the components: 
∑ Bi,j
M
j=1 xj = λxi    (Equation 2-7) 
Because of Equation 2-6, the sum of Equation 2-7 can be written as an integral and the eigenvectors 
as eigen-functions of 𝑓, as follows: 
∫ B(f1, f2)φ(f2)df2 = λφ(f1)    (Equation 2-8) 
It is obvious that the above Equation 2-8 will not be altered whether variable 𝑓 is scalar, i.e. time, 
or vector quantity, or spatial. Infinite solutions leading to eigen-functions, 𝜑𝑖, and corresponding 
eigenvalues, 𝜆𝑖 exist for the above equation. The eigenvalues are all positive because 𝐵(𝑓1, 𝑓2) is 
defined as symmetric and positive. The largest eigenvalue corresponds to the most energetic eigen-
function. The eigenvalue is essentially an indication of the fluctuations or the turbulent kinetic energy 
of the respective mode. 
In this investigation POD was used to decompose spray images obtained using different 
techniques (such as photography and optical connectivity) into their principal components to reveal 
the morphology and the structure of the liquid jet and describe the dynamic nature of atomisation, 
whether coaxial or cross-flow. For that purpose, the method of snapshots was used which is explained 
further in the following section. 
 
2.9.2. The method of snapshots 
The data obtained from an experimental investigation are usually very large and the calculation 
of the POD modes is almost impossible. The eigenvalue problem and the extraction of orthogonal 
modes from high size matrices is computationally expensive and time consuming and sometimes it is 
not even feasible. In this context the modes are computed by using the method of snapshots which 
was proposed by Sirovic [73]. According to this method, the eigen-functions are calculated from a 
temporal correlation matrix of size M×M, instead of the spatial correlation matrix of size N×N, where 
M<<N. This way the dimensionality of the matrices and the calculation time are reduced 
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significantly. On this occasion, the temporal coefficients 𝛼𝑛,𝑖 can be obtained by solving the 
eigenvalue problem and can be used to obtain the eigen-modes. The reconstruction of the data can, 
then, be achieved by using Equation 2-3. More details about image decomposition and reconstruction 
using the method of snapshots are given below. 
 
A. Image Decomposition – Extracting the Proper Orthogonal Modes (POM’s) 
The snapshots have to be collected from the same experimental procedure and taken under the 
same lighting conditions. All the images ought to have the same pixel resolution (𝑛 × 𝑚) too. This set 
of images (N) is considered as optimal given that the maximum illumination is captured with respect 
to the ensemble average, meaning the base flow. The following analysis describes the steps that must 
be followed to extract the Proper Orthogonal Modes: 
 
Step 1 – Collect the data 
By applying POD on spray images, hidden but deterministic dynamic structures can be extracted. 
Ensembles of snapshots from experimental techniques such as high-speed photography and optical 
connectivity and different flow conditions, are recorded. The set of recorded images, N, is captured 
under the same light conditions and background subtraction. Each grayscale image is then converted 
to 2-dimensional matrix of size 𝑛 × 𝑚. As explained before, POD is mainly used to decrease the 
number of dimensions in observations by keeping the important information. Hence, the size of each 
image is usually larger than the number of observations, 𝑛. 𝑚 > 𝑁. 
 
Step 2 – Form a matrix with the data 
Each image of resolution 𝑛 × 𝑚 is transformed into to a row vector (1, 𝑛 × 𝑚) and then, all the 
images are stored in a single matrix C in the order obtained. Therefore, each row of matrix C contains 




Figure 2-16. Structure of matrix C. 
Step 3 – Subtract the mean 
Then, the mean value is subtracted across each dimension, which means that the average value of 
each column of matrix C is subtracted from each element that belongs to the same column and 
therefore to the same dimension. This produces a data set that has a zero mean. 
Ai,j = Ci,j − x̅j     (Equation 2-9) 
where 𝐴𝑖,𝑗 and 𝐶𝑖,𝑗 are the i
th
 row and j
th
 column elements of matrices A and C, respectively and ?̅?𝑗 the 
average value of the j
th
 column. Matrix A expresses the difference between any two images, since all 
the images are now normalised. 
 
Step 4 – Calculate the covariance matrix 
The next step is to calculate the covariance matrix from matrix A, which is the mean-adjusted 
matrix. The covariance matrix is a square matrix and each entry of this matrix represents the variance 
between two dimensions. Subsequently, the values of the elements of a covariance matrix denote the 
dimensional variation from the mean, with respect to each other. 
If more than two dimensions exist, then, more than one covariance values can arise, particularly, for 
an 𝑛-dimensional data set, 
𝑛!
2(𝑛−2)!
 different variances can be generated. The covariance between two 






    (Equation 2-10) 
and the covariance matrix, if assuming a 3-dimensional data set (𝑋, 𝑌 and 𝑍) would be: 
Acov = (
cov(X,X)     cov(X,Y)     cov(X,Z)
cov(Y,X)     cov(Y,Y)     cov(Y,Z)
cov(Z,X)     cov(Z,Y)      cov(Z,Z)




If the outcome is positive then that indicates that both dimensions increase together and if 
negative that while one increases the other decreases. Finally, if the covariance is equal to zero then 
the two dimensions are totally independent of each other. 
To calculate the covariance matrix the transpose of the mean-adjusted matrix A should be 
multiplied on the left side of matrix A. However, this would give a square matrix with the same size as 
that of the resolution of each observation, i.e. (𝑛. 𝑚)×( 𝑛. 𝑚), which would be very large and would 
increase radically the dimensionality and the computational time. This is where the method of 
snapshots is actually applied, since instead of doing the long way, the covariance matrix can be 
calculated by multiplying matrix A on the left side of its transpose, i.e. 𝐴𝑇. This will give a covariance 
matrix with size N×N, where N<< 𝑛. 𝑚: 
Acov = A × A
T     (Equation 2-12) 
Each element of this matrix will represent the variance generated between the two respective 
dimensions with respect to the mean. 
 
Step 5 – Calculation of the eigenvalues and eigenvectors 
The extraction of the eigenvalues and eigenvectors of the covariance matrix is the most important 
part of this process. An N× 𝑁 square matrix will give N eigenvalues and eigenvectors. The condition 
that characterizes an eigenvalue, λ, is the existence of a nonzero vector x such as: 
Bx = λx          (Equation 2-13) 
where B is a square matrix. This relationship can be rearranged as follows: 
(B − λI)x = 0     (Equation 2-14) 
and since eigenvectors x are by definition nonzero then, B−𝜆𝐼 should be zero. If not, then the system 
possesses only the trivial solution x=0 and x is not an eigenvector of matrix B. So eigenvalues, λ, must 
be chosen so: 
det(B − λI) = 0    (Equation 2-15) 
where det is the determinant of matrix 𝐵 − 𝜆𝐼. 
The main principle of POD is to express the original data with a less or equal number of 
components. In order to achieve this, the eigenvectors are normalized and become orthogonal, which 
means that all vectors are perpendicular to each other. The data can now be expressed in terms of 
these orthogonal eigenvectors with a length of 1, instead of x and y axes. 
To find the significance of each eigenvector, they are sorted hierarchically according to the 
corresponding eigenvalue. The eigenvalues are real and positive numbers and each one corresponds to 
an eigenvector and indicates its importance. So, the higher an eigenvalue is the more significant the 
eigenvector will be. Large eigenvalues indicate that high flow energy exists in the corresponding 
eigen-modes and that the structure of the flow is relatively simple. In contrast, if the total energy is 
distributed more uniformly along the different modes, instead of being captured by only very few 
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strong modes, the observed phenomenon becomes more complex and a greater number of modes will 
be needed to describe it. 
The ranking of eigenvalues in descending order gives the components in order of significance. 
Thus, those of lesser significance can be ignored. By ignoring eigenvectors with small eigenvalues the 
initial data can be described using M dimensions, where M is smaller than N, and N is the number of 
the original observations. On this occasion some information will be lost but a substantial percentage 
of the original observation will be kept and at the same time the dimensionality of the data set will be 
reduced. The number of dimensions to be kept depends on the complexity of the application and the 
amount of information needed. 
 
Step 6 – Calculate singular Value Decomposition (SVD) 
To calculate the Singular Value Decomposition of matrix A, the following equation is 
considered: 
A = UΣφΤ          (Equation 2-16) 
where U is an NxN orthogonal matrix, Σ is an NxM matrix with all its elements being zero except 
those along the diagonal and φ an MxM orthogonal matrix containing in its rows the eigen-modes. The 
eigenvalues are also called the singular values of both matrix A and its transpose 𝐴𝑇 and are unique. 
The number of nonzero singular values is equal to the rank of matrix A. 
The transpose matrix of A, i.e. 𝐴𝑇, can be calculated from Equation 2-16 as follows: 
AT = φΣTUΤ              (Equation 2-17) 
By multiplying Equation 2-16 and Equation 2-17 the covariance matrix 𝐴𝑐𝑜𝑣 mentioned in step 4 can 
be calculated: 
Acov = A × A
T = UΣφΤφΣTUΤ    (Equation 2-18) 
and because φ is a square matrix, 𝜑𝛵𝜑 = 1: 
Acov = UΣΣ
TUΤ     (Equation 2-19) 
but because 𝛴𝛴𝑇 = 𝜆, the covariance matrix will be: 
Acov = UλU
Τ      (Equation 2-20) 
and by re-arranging we get: 
Acov. U = λ. U      (Equation 2-21) 
which is in the same form as Equation 2-13, showing that U is actually a matrix that contains the 
eigenvectors of the covariance matrix 𝐴𝑐𝑜𝑣. From the relation 𝛴𝛴
𝑇 = 𝜆 it is concluded that matrix Σ 






Step 7 – Calculation of the time-dependent orthonormal coefficients 𝑎𝑛(𝑡) 
By comparing Equation 2-3 and Equation 2-16 it is shown that the temporal coefficients 𝑎𝑛(𝑡) 
are the product of the eigenvectors U and the matrix Σ whose elements are all zero except those along 
the diagonal which contains the square root of eigenvalues of the covariance matrix 𝐴𝑐𝑜𝑣: 
an,j(t) = UjΣi              (Equation 2-22) 
where 𝑈𝑗 is the j
th
 eigenvector of the covariance matrix and 𝛴𝑖 the i
th
 row of matrix Σ. 
 
Step 8 – Extract the Proper Orthogonal Modes 
After choosing which components to keep, the temporal coefficients 𝛼𝑛,𝑖 are obtained as 
explained in Step 7. The orthogonal modes can now be calculated by re-arranging Equation 2-3. Thus: 
φi = aj
T × A              (Equation 2-23) 
where 𝑎𝑗
𝑇 is the transpose matrix of the matrix α. Now the orthonormal coefficients for each eigen-
function are placed in the rows, and A is the mean adjusted matrix described above. It is worth 
mentioning that instead of the mean adjusted matrix, A, matrix 𝐶 can be used, which is the same 
matrix but before the mean is subtracted. 
The eigen-modes are then converted into the form of the initial observations, so each mode with 
length 𝑛. 𝑚 is converted into a matrix with n rows and m columns. Each one of these modes captures 
a different percentage of information, with the strongest ones being the most energetics. This allows 
the decomposition of the original information into many different components with each one 
possessing a different energy and displaying the main variability that has occurred during the capture 
of the images with respect to the ensemble average. In the context of this research, the strongest 
modes will demonstrate the variations in the structure of the spray which is of great importance 
because it may contribute to the revelation of the instabilities that are responsible for the deformation 
of the liquid column and the formation of droplets, and their frequencies. 
 
B. Image Reconstruction 
The image reconstruction involves the reconstruction of the POD data by considering a certain 
number of orthogonal modes, with the aim of obtaining the projection of these modes to the mean 
data. Therefore, such reconstruction will provide the contribution and the intensity of the selected 
modes to the spray images. The image reconstruction from the POD data can be accomplished for any 
data size. If all the eigen-modes are considered during the reconstruction transformation, then exactly 
all the original data will be obtained again; otherwise some information will be lost, depending on the 
number of eigen-modes that were neglected and their magnitude. The use of a certain number of 
eigen-functions not only can reduce the data dimensionality and, hence, the size of the data, but can 
also demonstrate the importance of one or more eigenvectors by projecting them in an initial image. 
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Therefore, if an eigen-function represents, for example, a specific variation or instability on a 
particular part of the jet surface, then by using only this eigen-mode to perform the transformation, the 
image obtained will display only the feature that is responsible for this instability. As long as the 
mean values are added to the corresponding eigen-functions, the rest of the image will look like the 
average image of the original data set. 
 
Step 1 – Calculate the mean adjusted matrix 
The procedure of image reconstruction is actually the reverse procedure of that followed to 
extract the proper orthogonal modes. The first step includes the calculation of the mean adjusted 
matrix A, the size of which depends on the number of modes M that are used during the 
reconstruction, where M≤N. The equation then is as follows: 
AM,j = ∑ ai,rφr,j
M
r=0     (Equation 2-24) 
where 𝐴𝑀,𝑗 is the reconstructed image when the M eigenvectors are projected on image i, with 
i=1,2,..,N, 𝑎𝑖,𝑟 are the orthonormal temporal coefficients and 𝜑𝑟,𝑗 is the set of orthonormal eigen-
functions that will be used in the transformation. If all the eigen-functions are considered during the 
reconstruction, then 𝐴𝑀,𝑗 will be exactly the same as the mean-subtracted matrix, A, that was formed 
in Step 3 of image decomposition. Equation 2-24 is optimal since the least squares truncation error is 
minimised. 
 
Step 2 – Obtain the data relevant to the reconstructed image 
To get the initial data the mean data should be also added: 
CM,j = AM,j + x̅j    (Equation 2-25) 
where ?̅?𝑗 is the matrix that contains the mean values across each dimension, as described in Step 3 of 
image decomposition. 
 
Developed program for POD analysis and image reconstruction 
In order to implement the decomposition of the spray images into orthogonal modes a program in 
Matlab was developed, which followed the procedure described earlier. As the POD method demands 
a long computational time and generates very large matrices, the POD modes were calculated by 
using the method of snapshots. Because of this, the number of generated modes was equal to the 
sample number of the initial data. The orthogonal modes were saved as contours, which display the 
variability of the spray on a scale of positive and negative numbers. 
Another program in Matlab was developed for the implementation of image reconstruction, 
which followed the principle described earlier. It provided the option of considering any number of 
modes for the reconstruction by beginning from the chosen one. This option allowed the projection of 
several combinations of modes on the mean spray image.  
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2.10. Summary of experimental arrangements and methods 
The present chapter describes the experimental arrangements applied to the coaxial and cross-
flow atomisers and the methods followed for the processing of the recorded data. Initially, the design 
parameters of coaxial and cross-flow atomisers used in the experimental investigations are described. 
Emphasis is given to the geometry of the nozzle, especially for the case of the cross-flow atomiser 
where the configuration is more complicated. 
Afterwards, the principles and arrangements of break-up length measuring techniques are 
presented. More specifically, the implementation and applicability of electrical connectivity, high-
speed shadowgraphy and optical connectivity is discussed. 
Subsequently, Interferometric Laser Imaging Droplet Sizing (ILIDS) is analysed. This is a planar 
technique that can measure the downstream droplet sizes and velocities and is based on the Mie 
scattering theory. The theory behind this technique and the optical arrangement used are discussed 
thoroughly, while some information on the processing method of fringes is given. 
Furthermore, the arrangement for the simultaneous use of optical connectivity and ILIDS is 
presented in both coaxial and cross-flow atomisers. It is explained that the time delay applied between 
the two methods is essential and determines the capturing of the downstream droplet sizes. Therefore, 
it also determines the calculation of the correlations between the break-up length and the droplet 
characteristics. 
Finally, the theory and capabilities of Proper Orthogonal Decomposition are presented. POD is a 
useful mathematical tool that uses an orthogonal transformation to decompose the original data into 
their main characteristics by also displaying their variability and intensity. For the purposes of the 
present thesis, the method of snapshots, which is a less time consuming method in comparison to the 
full method, is used. It is explained how the orthogonal modes are calculated and how the image 




Chapter 3 -  Experimental Evaluation of the Optical Connectivity 
Technique in Air-blast Atomisers 
 
3.1. Introduction 
The optical connectivity technique has been proposed for the characterisation of the morphology 
of continuous liquid jets before break-up. The technique is based on the internal illumination of a 
liquid jet by a laser beam through the spray nozzle. The liquid jet acts as a light guide and the laser 
beam propagates along the length of the jet in the same way that light travels along the length of an 
optical fibre. The laser beam excites a fluorescent dye that is dissolved in the liquid jet, making the 
volume of the liquid jet luminous. However, unlike an optical fibre, there are laser beam intensity 
losses along the length of the liquid stream due to refraction on the liquid/gas interface and due to 
absorption by the fluorescence dye. While the technique has appeared to work well in ‘straight’ jets, 
for liquid jets exposed to a cross stream of air, where the liquid jet becomes gradually inclined relative 
to the axis of the jet exit, the laser light losses due to the refraction through the liquid interface may 
increase and lead to limitations of the technique. The performance of the optical connectivity 
technique is discussed first for both straight and inclined liquid jets and the consequences for optical 
connectivity investigations conducted in coaxial and cross-flow atomisers are assessed. An 
experimental evaluation of optical connectivity to liquid jets exposed individually in coaxial and cross 
streams of air follows. To implement the experimental evaluation, the mean fluorescent intensity 
profiles along the jet cross section are calculated from the mean intensity images of the jet. The results 
are then evaluated for different boundary conditions and are compared to the findings of the numerical 




3.2. The basic theory 
During the initial stages of atomization of a liquid jet, the jet is destabilized under the influence 
of the forces from the interaction of the liquid stream with the surrounding air [6]. The morphology of 
an initially straight liquid jet changes as it is perturbed by a coaxial gas flow, and the liquid is 
removed from its surface [2, 4]. This process continues until the liquid stream becomes completely 
discontinuous. The extent of this region defines the primary atomisation region. The evolution of the 
jet morphology in this region is important since it determines the final droplet size distribution of the 
spray. The optical connectivity technique is based on the introduction of a laser beam upstream the 
spray nozzle [25]. The laser light that exits through the nozzle in the direction of the liquid flow is 
guided by the liquid jet downstream, by reflection on the liquid interface. The angle of the total 





)           (Equation 3-1) 
where 𝑛1 and 𝑛2 are the refractive indices of the liquid and the gas phase respectively. When the 
angle of incidence is greater than the angle of the total internal reflection, the beam is completely 
reflected back inside the liquid at an angle that is equal to the angle of incidence. This is similar to the 
propagation of light within an optical fibre. However, if the angle of incidence becomes smaller than 
that of the total internal reflection, some of the laser light escapes through refraction at an angle 






         (Equation 3-2) 
where 𝜃1 is the angle of incidence on the surface and 𝜃2 is the angle of refraction (Figure 3-1). In this 
case, the intensity of the laser beam within the liquid jet decreases. 
 
 
Figure 3-1. Reflection and refraction of a ray incident on the interface at an angle 𝜃1. 
 
At the breaking point of a liquid jet, the propagation of the laser beam along the jet length is 
interrupted and the light cannot be contained within the jet so it diffuses widely. By adding a 










travels along the length of the liquid jet, as explained earlier in Chapter 2.6. The absorbed light is then 
re-emitted as fluorescence. Since fluorescence is spectrally shifted to wavelengths that are longer than 
the excitation wavelength, with the addition of an optical filter in front of the camera lens the 
scattered light can be suppressed and the luminous core of the spray can be imaged without any 
background noise from the scattered light. The intensity losses of the laser beam along the continuous 
length of the jet depend on the liquid jet structure. If a jet has a smooth surface there are few 
scattering losses and the emitted fluorescent intensity from the jet is fairly uniform along the 
continuous length of the jet. If, on the other hand, the jet surface is rough, the scattering losses are 
significant and the laser light intensity diminishes within a distance from the nozzle. As a result, the 
fluorescent intensity decreases at a distance from the nozzle [58]. Therefore, depending on the 
geometry of the liquid jet, there are limits to the visualisation of the length of the continuous jet when 
using the optical connectivity technique. When the jet is placed in a cross-stream gaseous flow, its 
additional distortion is expected to cause increased losses of the laser beam intensity along the jet 
length and potentially limit the applicability of the technique. 
The numerical study of optical connectivity presented in [58] examined the effect of the 
inclination of the liquid jet, which is relevant to the jet in a cross-flow geometry. Therefore, the 
comparison between the findings of the numerical approach and the experimental investigation of this 
thesis conducted in the cross-flow atomiser can provide important information on the potential of 
optical connectivity when applied to deflected jets. In the numerical approach it is assumed that the 
liquid column interface is described by a sinusoidal function along the length of the liquid jet. The 
laser beam that propagates inside the liquid jet is simulated by using a large number of rays. The rays 
begin at the jet exit where the liquid jet emits and travel downstream within the liquid jet. They 
interact with the interface and they are reflected back at an angle that is equal to the angle of 
incidence. This means that when the liquid jet is inclined, the rays will diverge and follow the 
inclination of the jet.  
It is found that when the angle of incidence of the rays on the surface of the column is smaller 
than the critical angle for the total internal reflection, the initial intensity of each beam will be reduced 
due to absorption of light by the fluorescent dye in the liquid and the refraction of light at the liquid 
interface. The reduction of the intensity of each beam is estimated by the Beer-Lambert law. The 
fluorescent intensity along the length of the liquid jet is then calculated by integrating the amount of 
absorbed light intensity across the cross-stream section of the jet. It is shown that the liquid jet 
geometry causes the divergence of the laser beam and, hence, the distortion of the fluorescent 
intensity. 
When the beam is collimated, the fluorescent intensity of a deflected column shows an 
exponential decrease after some distance from the jet exit. This decrease follows a parabolic function 
to become minimal. The deflection of the liquid jet causes the rapid decrease of the fluorescent 
intensity. It was also found that as far as a collimated beam introduced into a deflected column is 
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concerned, the wavelength of the surface instability plays a significant role. Shorter waves create a 
rougher interface which makes the impingement of the rays at an angle that is smaller than the angle 
of internal reflection more possible. Therefore, the exponential decay of intensity will develop within 
a short distance. Longer wavelengths of surface instabilities cause the opposite effect as the angle of 
incidence will be possibly greater than the angle of total internal reflection. For a collimated beam 
introduced in a straight column, there are no more significant light losses besides the initial 
fluorescent decrease as there is no further interaction between the rays and the interface. 
On the other hand, when the rays diverge, the fluorescent intensity along the length of the liquid 
jet decreases in an exponential way. In this case, the fluorescent intensity becomes largely 
independent of the amount of inclination of the liquid jet. The divergence of the rays causes their 
interaction with the liquid interface at angles smaller than the angle for total internal reflection, which 
leads to rapid intensity losses in both straight and inclined columns. However, their divergence causes 
the insensitivity of the fluorescent intensity to the instability wavelength. For this reason, the 
fluorescent intensity at the end of the column is greater for the inclined columns when the rays are 




3.3. Experimental investigation 
The flow conditions considered and the corresponding dimensionless numbers for the 
experimental investigation of optical connectivity in coaxial and cross-flow atomisers are shown in 
Table 3-1 and Table 3-2 respectively. Concerning the evaluation of the performance of the optical 
connectivity technique on both straight and deflected jets through experimental results, we focus on 
the development of the mean fluorescent intensity across the liquid jet length as it can be compared to 
the numerical simulations presented in [58]. Despite the difference between the infinite length jet that 
was considered in the numerical investigation and the finite length jet of the experimental 
investigation, the general conclusions of the former investigation can be applied to the latter. The 
liquid jet produced by the cross-flow atomiser is also limited by both the height and the width of the 
annular gap in which the jet develops. More specifically, the width of the annular gap of the present 
cross-flow atomiser is 15 jet diameters. Such limitations may alter the conditions in which the break-
up occurs and, hence, the liquid column might break in a different way in comparison to the numerical 
approach. 
 
Table 3-1. Flow conditions and dimensionless flow geometry used in the experimental investigation 



















1 0.1 0.4 250 25 820 23 190 
2 0.1 0.4 300 30 820 33 270 
3 0.1 0.4 350 35 820 45 370 
4 0.1 0.4 400 40 820 59 480 
5 0.1 0.4 450 45 820 75 610 





Table 3-2. Flow conditions and dimensionless flow geometry used in the experimental investigation 



















1 0.10 2.1 1400 21 1900 7.7 8.1 
2 0.10 2.1 1600 25 1900 10 6.2 
3 0.10 2.1 1800 28 1900 13 4.9 
4 0.10 2.1 2000 31 1900 16 4.0 
5 0.10 2.1 2200 34 1900 19 3.3 
6 0.15 3.2 1800 28 2800 13 11 
7 0.15 3.2 2000 31 2800 16 8.9 
8 0.15 3.2 2200 34 2800 19 7.4 
9 0.15 3.2 2400 37 2800 23 6.2 
10 0.15 3.2 2600 40 2800 26 5.3 
 
The images of the mean fluorescent intensities along the jet core produced by the coaxial 
atomiser are presented in Figure 3-2, while the inclined mean fluorescent jets produced by the cross-
flow atomiser are presented in Figure 3-3 and Figure 3-4. The signal to noise ratio of the straight jets 
is much lower in comparison to the intensity of the inclined jets, as the laser beam in the first case is 
introduced from the top of the atomiser and travels a long distance within the optical and the liquid 
tube, in contrast to the cross-flow atomiser, where the laser beam is introduced through an optical 
window placed just opposite the liquid jet exit. More details about the two configurations can be 
found in Chapters 2.2 and 2.3 respectively. 
The straight jets seem to emit relatively uniform fluorescent intensity along their length. The 
intensity is increased only near the jet exit and close to the break-up location. In the rest of the liquid 
column the fluorescent intensity seems to remain relatively constant, as shown in Figure 3-2. The 
mean fluorescent intensity images of deflected jets (Figure 3-3 and Figure 3-4) show that they can be 
visualised for a considerable length even in cases where the deflection of the jet almost reaches 90°, 
which is displayed in Figure 3-3 where the Re number is small enough to cause the higher deflection 
of the liquid jet. However, the inclination of the jet imposes some limitations on the propagation of 
the illuminating laser light through the jet volume. The most apparent effect of inclination is that the 
fluorescent intensity of the jet is not uniform throughout the jet volume. Close to the point of the 
maximum inflection of the jet, the fluorescent intensity always increases along an oblique line through 
the jet. This is significant since the images shown in the figures represent the mean intensity of 500 
samples. Therefore, this intensity distribution is not a coincidental occurrence but a temporally 
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persistent characteristic of the jet visualisation that prevails over the particular details of the individual 
image samples. This can be explained by considering that the illuminating beam is deflected on the 
curved interface at certain angles that depend on the inclination of the jet. In this case, much of the 
reflected light concentrates along a narrow strip of the jet increasing the local fluorescent intensity. 
 
 
Figure 3-2. Experimentally measured mean fluorescent intensity emitted by the liquid jet in the 





Figure 3-3. Experimentally measured mean fluorescent intensity emitted by the liquid jet in a gaseous 
cross-flow for constant Re=1900 and variable We number. 
 
 
Figure 3-4. Experimentally measured mean fluorescent intensity emitted by the liquid jet in a gaseous 
cross-flow for constant Re=2800 and variable We number. 
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The mean fluorescent intensity profiles are calculated from the mean intensity images of the jet by 
evaluating the mean fluorescent intensity along the jet cross-section. The mean fluorescent intensity 
profiles for the straight jet in a coaxial gas stream are presented in Figure 3-5, while the intensity 
profiles for inclined jets in a cross-flow gas stream are presented in Figure 3-6 for cases 1 to 5 and 
Figure 3-7 for cases 6 to 10. A comparison with the intensity profiles presented in [58] reveals that 
there are some differences, which can be attributed to the more complex geometry of real jets. 
Nevertheless, they can be explained in the same way as discussed in the numerical simulation. 
Initially, the straight jets have a high intensity as the jet emerges from the liquid nozzle, and 
decrease a few diameters downstream (Figure 3-5). Afterwards, the mean intensity emitted by the 
liquid jet along its cross-section remains more or less constant, but begins increasing again just 
upstream the break-up location. Subsequently, the intensity decreases again as the liquid jet breaks up 
and the light diffuses. Therefore, the experimental results on this occasion are in good agreement with 
the numerical results, since the intensity along the length of the jet remains approximately constant 
except the initial part of jet near the nozzle and the last part where the break-up occurs. 
The initial development of the fluorescent intensity profiles in deflected jets (Figure 3-6 and 
Figure 3-7) show an increase of the fluorescent intensity, which peaks at the point of maximum jet 
inflection. After this point an exponential decrease of the fluorescent intensity follows for the 
remaining length of the jet. While the fluorescent intensity profiles do not overlap, it can be observed 
that, with the exception of case 1 (liquid to gas MFR=8.1 shown in Figure 3-6), in all the other cases, 
the rate of decrease of the fluorescent intensity is almost identical. This suggests that the laser light 
losses of the illuminating laser beam become independent of the details of the jet geometry. As 
concluded in [58], this can be attributed to the interaction of a considerable number of rays from the 
illuminating beam with the interface at angles that are smaller than the angle of the total internal 
reflection. This comes to a great agreement with the numerical simulations as it is unlikely that the 





Figure 3-5. Cross-section averaged fluorescent intensity profiles along the length of the liquid jet in a 
coaxial gas stream for constant Re=1900 and variable We number. 
 
 
Figure 3-6. Cross-section averaged fluorescent intensity profiles along the length of the liquid jet in a 
cross-flow gas stream for constant Re=1900 and variable We number. 
 





























Figure 3-7. Cross-section averaged fluorescent intensity profiles along the length of the liquid jet in a 




3.4. Summary of findings 
The optical connectivity technique has been considered in the present chapter. An experimental 
evaluation was conducted in order to assess the performance of the optical connectivity technique 
applied to straight and deflected from a straight path jets, as are the cases of liquid jet development 
exposed to coaxial and cross-flow air streams respectively. Previous numerical investigations [58] 
revealed that straight jets emit constant fluorescent intensity along their length when there is no laser 
beam divergence. Furthermore, the numerical investigations revealed that the fluorescent intensity 
profiles along the liquid column length are highly sensitive to the divergence of the illuminating laser 
beam. In addition, the wavelength of the surface instability and deflection of the liquid jet had a 
significant effect on the fluorescent intensity profiles only for a collimated illuminating laser beam. 
The experimental investigation showed that the straight jets have an increased intensity just 
downstream the nozzle exit and at the breaking point. The intensity remains relatively constant after 
the initial peak and before the breaking point of the liquid jet. The fluorescent intensity of deflected 
jets is not uniformly distributed throughout the volume of the jet. Instead, a maximum fluorescent 
intensity exists at the point of maximum jet inflection. The rate of decay of the fluorescent intensity 
along the length of the jet is similar in all the jets regardless of their length, which suggests that after 
the jet maximum inflection, considerable losses of the illuminating laser beam intensity take place due 
to refraction. However, the application of the optical connectivity technique for the geometries and 




Chapter 4 -  Experimental Investigations in the Coaxial Atomiser 
 
4.1. Introduction 
The experimental investigations conducted in the coaxial atomiser are presented in this chapter. 
The present investigation aims at studying the break-up and dynamic features that are formed on 
straight jets, which are developed in high speed coaxial gas stream. 
Three different techniques are used to measure the break-up length of the liquid column at 
different flow conditions in the first section. To begin with, electrical connectivity, which can measure 
the continuity of an electrically conducting atomising jet with the presence of an electrical circuit, is 
applied. Afterwards, high-speed shadowgraph images are examined to reveal the location of the 
breaking point which could be missed in single frame photography. The third technique used for the 
visualisation of the continuous liquid jet is optical connectivity, which was already considered in 
Chapter 3. The break-up length measurements with the three techniques are then compared to 
determine which technique is more suitable and accurate for identifying the break-up location of 
straight liquid jets. 
Proper Orthogonal Decomposition )POD) is used to detect the different dynamic features that 
develop on the surface of the liquid jet and analyse its structure. The aforementioned is a 
mathematical methodology that can be applied to large samples of data to decompose complex flow 
structures into components of varying scales. The exposure of such features and the detection of the 
developed instabilities on the liquid jet may well lead to a better understanding of the break-up 
mechanism, which leads to the formation of droplets and clusters. The details of the POD were 
discussed in Chapter 2. 
Finally, the break-up length of the produced liquid jet and the downstream droplet sizes are 
measured simultaneously. This is achieved by combining the optical connectivity technique with 
Interferometric Laser Imaging Droplet Sizing (ILIDS), as described in Chapter 2. ILIDS is a highly 
developed planar technique that can provide information about the size and the velocity of the 
detected droplets. The objective of this study is to correlate the break-up length of the liquid jet to the 
downstream droplet sizes and reveal their relationship. Although it is known that the break-up length 
is linked to the downstream formation of droplets, their relationship, based on simultaneous 




4.2. Break-up length investigations 
4.2.1. Measurements of continuous liquid jet using electrical connectivity 
The detection of the break-up position of liquid jets can provide important information on the 
expansion of the primary atomisation region and the underlying physics that determine the spray 
structure and formation. Electrical connectivity or conductivity is a technique used to measure the 
continuity of an electrically conducting atomising jet. This is achieved with the presence of an 
electrical connection between the spray nozzle and a probe that can be moved across different 
positions downstream the former to measure the voltage between each position and the nozzle. More 
details about the applied electrical circuit can be found in Chapter 2.4. In earlier work, many 
researchers developed a conductivity probe technique to enable the investigation of the break-up zone 
in a variety of applications. Yule et al. [21] investigated the break-up zone of a transient diesel spray 
as a function of time and position employing a wire probe. Hiroyasu et al. [22] studied the break-up 
length of a high-speed liquid jet by measuring the electrical resistance between the nozzle and a fine 
wire screen detector located in a spray jet. Chehroudi et al. [20] tried to determine the shape and 
length of the intact liquid core by applying a voltage between the nozzle unit and fine needles, rods 
and screens. The results show that current is carried not only by intact liquid cores but also by 
atomised unconnected sprays. 
In the present investigation, it was found that if the detected potential is low there is electrical 
connectivity indicating continuity of the liquid jet core. On the contrary, the discontinuity of the liquid 
jet is represented by low or negligible conductivity. The voltage value at which the break-up occurs 
cannot be determined or quantified as the detection of the break-up position is not straightforward 
with this technique. The detached ligaments of liquid or droplets might be located very close to the 
continuous liquid column, causing the increase of electrical connectivity in this way. In addition, the 
presence of the probe in the spray can affect the measurements as parts of detached liquid might be in 
contact with it during the measurements. 
The flow conditions examined during the present investigation and the corresponding 
dimensionless numbers for room temperature and pressure are shown in Table 4-1. The dimensionless 
numbers used to describe the flow produced by the coaxial atomiser are the liquid Reynolds number, 
Weber number and Momentum Ratio (MR) which are represented by Equation 1-4, Equation 1-1 and 
Equation 1-10 respectively. In the application of coaxial atomiser the gas to liquid MR is used as the 
inverse would give numbers very close to zero, which would need many decimal places to describe 
the different flow conditions. More details about the definition and use of these dimensionless 
numbers can be found in Chapter 1. 
In each flow condition, the probe was placed 1 mm downstream the nozzle and then the distance 
between them was adjusted using a traverse mechanism in increments of 1 mm. At each position 1024 
measurements were recorded. These measurements were obtained at higher distances between the 
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probe and the nozzle until the value of 10 V was reached, which indicates that there is no conductivity 
and impedance in the examined branch of circuit. Thus, the circuit is open all the time, since the liquid 
column is totally ruptured. 
 
Table 4-1. Flow conditions and dimensionless parameters used for the electrical connectivity and 



















1 0.50 2.0 500 50 4100 86 30 
2 0.50 2.0 750 74 4100 200 67 
3 0.50 2.0 1000 99 4100 360 120 
4 0.50 2.0 1300 120 4100 570 190 
5 0.50 2.0 1500 150 4100 820 270 
6 0.50 2.0 1800 170 4100 1100 370 
 
At each measuring position, the time dependent voltage drop recorded measurements were 
processed to calculate the statistical quantities of the mean, median, standard deviation, skewness and 
kurtosis. The mean value is found by averaging each sample of 1024 data and the median is defined as 
the numerical value separating the higher half data sample from the lower half. The standard deviation 




∑ (Vi − V̅)2
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ι=1          (Equation 4-1) 
where N is the data sample, 𝑉𝑖 the instantaneous measured voltage and ?̅? the mean value of voltage of 
each sample. 
The skewness which is a quantity that describes the degree of asymmetry of a distribution around 













3/2       (Equation 4-2) 
Large absolute values of skewness indicate large asymmetry, while positive skewness indicates a 
distribution with a tendency to extend towards more positive values and vice versa. 
Kurtosis describes the relative peak or flatness of the distribution of samples compared with the 













2 − 3        (Equation 4-3) 
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The minus 3 at the end of the formula is a correction used to make the kurtosis of the normal 
distribution equal to zero. Positive kurtosis indicates a relatively peaked distribution while negative 
indicates a relatively flat distribution in comparison to the normal distribution. 
The diagrams of the average values of the voltage drop between the nozzle and the probe for the 
flow conditions described in Table 4-1 are presented in Figure 4-1 to Figure 4-6. As it is not 
straightforward to pick the position where the break-up occurs, the estimation of the break-up length 
for each operating condition using the conductivity technique was determined through the change in 
the slope of the average voltage signal across the nozzle and the probe. Initially, the mean voltage 
measured between the nozzle and the probe increases gradually (at values between 2 V and around 4 
V). At these positions the liquid jet column is assumed to be continuous, as there is indication of 
resistance between the nozzle and the probe and the observed voltage drop is probably caused by the 
partial disintegration of liquid column, reducing gradually the conductivity in the circuit in this way. 
When the measured voltages across the nozzle and the probe start to increase, the local probability of 
the liquid jet being discontinuous at that location increases. It is illustrated by the trends that at a 
certain distance downstream the liquid nozzle, the voltage drop between the nozzle and the probe 
begins to rise rapidly. As soon as this occurs the next point is determined to be the break-up location, 
which is shown as an unfilled circle with a dashed line that points at the corresponding value in mm. 
In most cases, the rapid increase can be easily observed. The slopes of cases 1 (Figure 4-1) and 3 
(Figure 4-3) demonstrate clearly this observation, which illustrates that it is not arbitrary. Case 2 
(Figure 4-2) is an exception. In this case, the change in the slope is not that obvious so the selection of 
the break-up location becomes very demanding. In this occasion, a minimum and a maximum 
threshold voltage values have to be selected in order to identify the bandwidth within which the 
break-up takes place. Since the break-up in case 1 was identified for a voltage value smaller than 5 
Volts and in case 3 for a voltage value around 3.5 Volts, it is assumed that in case 2 the corresponding 
value would be within these two thresholds. In addition, the biggest voltage drop within these two 
thresholds in Figure 4-2 is observed between 19 and 20 mm. Since the break-up is determined to be 
the point right after the voltage rises, the break-up is chosen to be 20mm. However, as explained 
earlier the confidence in this selection is not high. The voltage drop in cases 4 (Figure 4-4), 5 (Figure 
4-5) and 6 (Figure 4-6) is not as steep as the one observed in Cases 1 and 3 but it is not either as 
ambiguous as the one observed in case 2. The trends in these occasions are similar and they look like 
exponential and the break-up length is selected just upstream the flat part of the trend. 
It is observed that for high gas to liquid MR values (Figure 4-3 to Figure 4-6), the break-up 
length does not decrease rapidly when the MR is further increased. This might be caused by the fact 
that the break-up length does not depend exclusively on the MR, but it also depends on the Re and We 




Figure 4-1. Average voltage values against the distance between the probe and the nozzle for flow 
condition case 1 (MR=30). Location of estimated breaking point shown is as unfilled circle. 
 
 
Figure 4-2. Average voltage values against the distance between the probe and the nozzle for flow 





Figure 4-3. Average voltage values against the distance between the probe and the nozzle for flow 
condition case 3 (MR=120). Location of estimated breaking point is indicated by an unfilled circle. 
 
 
Figure 4-4. Average voltage values against the distance between the probe and the nozzle for flow 





Figure 4-5. Average voltage values against the distance between the probe and the nozzle for flow 
condition case 5 (MR=270). Location of estimated breaking point indicated by an unfilled circle. 
 
 
Figure 4-6. Average voltage values against the distance between the probe and the nozzle for flow 




Experimental and statistical uncertainties are also involved in the measurements and estimation 
of break-up length. Since the measurements are obtained at different locations with increments of 1 
mm, the break-up location is estimated with an uncertainty of ±0.5 mm. The repetition of the 
measurements at each position provides information on the distribution of the data included in each 
sample. The standard deviation, as percentage of the corresponding mean voltage value against the 
distance between the position of measurement and the nozzle for the flow conditions given in Table 
4-1 is plotted in Figure 4-7. Standard deviation around the mean is determined by the fluctuations of 
break-up length. It can be seen that the standard deviation curves for the different flow conditions 
follow a similar trend. Initially, the percentage of standard deviation is very low (less than 1%) and 
increases rapidly after a certain distance from the nozzle. This distance from the nozzle is in 
accordance with the distance where the break-up occurs. For example, for case 1 (MR=30) for which 
the break-up length is estimated to be 27 mm, the abrupt increase begins at 20 mm. As the gas to 
liquid MR increases, the break-up length decreases and the rapid increase of standard deviation occurs 
at positions of measurement closer to the nozzle. For case 6 (MR=370), this trend happens almost 
immediately (after 2 mm from the nozzle). A few millimetres upstream and downstream from the 
estimated mean break-up location, which is indicated by a dashed line for each condition, the standard 
deviation begins to fluctuate. As long as the liquid column remains continuous, fluctuations are kept 
at low levels and more or less constant, but after the disruption they increase to a great extent. The 
fluctuations might also be influenced by the presence of detached ligaments and/or droplets near the 
measuring probe. This may affect the measured voltage, as the slightest contact with other parts of 
liquid and/or with the probe is expected to increase the conductivity. This is easier to occur in dense 
sprays. Further downstream the break-up location, the standard deviation decreases again, illustrating 
that the conductivity is non-existent or very low. 
Figure 4-8 shows the skewness as a function of the distance between the probe and the nozzle for 
the flow conditions described. It is observed that the skewness remains close to zero as far as small 
distances from the nozzle are used, showing that there is no significant asymmetry in the distribution 
of the values acquired. The distance for which the skewness is negligible depends again on the break-
up location. For longer continuous liquid jets, this distance is bigger while it decreases as the gas to 
liquid MR increases. The asymmetries of skewness become noticeable a few millimetres upstream the 
estimated break-up location and peak just prior the same location. At these locations the skewness 
becomes positive, demonstrating that the tail of the probability distribution of data on the right side is 
longer or wider than that on the left side. The skewness becomes negative further downstream the 
estimated break-up position, which indicates that the distribution of data leans on the right side. 
Kurtosis becomes positive a few millimetres upstream the estimated break-up length and remains 
positive until the complete disruption of the liquid column occurs (Figure 4-9). Positive kurtosis 
indicates that the distribution has a more acute peak around the mean and wider tails. At the rest of the 





Figure 4-7. Standard deviation as percentage from mean voltage value against the distance between 















4.2.2. Visual identification of the break-up length using high-speed shadowgraphy 
Photography (usually referred to as shadowgraphy) is the most commonly used method for the 
measurement of break-up length of liquid jets [2, 3, 23] as it is straightforward to apply and the 
demands for equipment are only moderate. In this method, the atomising jet is imaged directly by a 
camera. A light source is necessary to illuminate the liquid jet. This source is usually placed behind 
the jet propagating directly into the camera lens. In this way, the shadow of the jet is imaged and its 
contour is well defined in the acquired images. The break-up length is estimated from the geometry of 
the recorded contour. While this method is easy to implement, when atomisation becomes more 
intense, the droplets around the jet core might obstruct parts of it and the break-up length could be 
measured as longer than it is. In high-speed photography or shadowgraphy the break-up process of a 
liquid jet is recorded with a high temporal resolution, so that the potential difficulties in identifying 
the break-up length due to the obstruction of the liquid jet core by the surrounding dense spray are 
eliminated in comparison to single frame photography. 
In the present work, high-speed shadowgraphy was also performed at the same time as electrical 
connectivity. Thus, the flow conditions used in this experimental investigation are the same as the 
ones used before. They are described in Table 4-1. The images of Figure 4-10 demonstrate that the 
exact location of the liquid jet break-up point is not easily determined from single images, especially 
as far as conditions in which the ligaments and the droplets that surround the liquid jet are dense and 
can prevent a clear observation of the break-up region, are concerned. However, the break-up location 
can be determined with greater confidence from the temporally resolved sequence of images if they 
are studied frame by frame. When a frame with a discontinuous liquid column was observed in the 
sequence, the corresponding point was chosen as the break-up point. This procedure is illustrated in 
Figure 4-10 where the first frame shows an apparently continuous jet but in the next few frames it is 
revealed that the breaking point was actually hidden upstream. In each case the detected break-up 
location is indicated by arrows. The presence of the probe, which can be observed in the images, was 
used for the electrical conductivity measurements and was an issue as it might have interfered with 
the flow of the liquid jet in some occasions, especially when the needle position was near the nozzle 
(Figure 4-11a). When the probe was placed further downstream of the nozzle, the flow was not 
obstructed significantly (Figure 4-11b). In the cases where there was a continuous liquid column 
connecting the nozzle with the electrical conductivity probe it was considered that the liquid jet core 
was still continuous (Figure 4-11a). On the other hand, when the liquid column was not entirely 
continuous (first image of Figure 4-10), it was considered as a candidate break-up position and was 
studied further to clarify if it was continuous or not. When the break-up location was identified, the 
distance from the nozzle was found by counting the pixels and then converting the result to SI units, 
since the length of each pixel is found from the magnification of the camera and its distance from the 
point of observation (object). 
115 
 
     
Figure 4-10. Time resolved imaging reveals the location of jet breaking point, which could be missed 
when single frame photography is used. The horizontal dark line is the electrical connectivity probe. 
The arrows indicate the location where the liquid jet break-up may have been initiated on each single 
image. (example shown for flow condition case 4 with gas to liquid MR=190). 
 
a)  b)  
Figure 4-11. Interaction between the liquid jet and the electrical connectivity probe: a) obstructed 
atomisation, b) unobstructed atomisation (example shown for flow condition case 3 with gas to liquid 
MR=120). 
 
4.2.3. Visualisation of the continuous liquid column with optical connectivity 
In the optical connectivity technique, the principle of which was described in detail in Chapter 
2.6, the jet is illuminated from within the nozzle by a laser beam. A special arrangement has been 
made beforehand for the implementation of optical connectivity in the coaxial atomiser. The insertion 











 2.3 mm 
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Figure 4-12. Schematic representation of the stainless steel tube (red outline) with the quartz window 
for the implementation of optical connectivity in the coaxial air-blast atomiser. 
 
The laser beam is directed parallel to the axis of the stainless steel tube through its top, in order 
to minimise reflections inside it, by a system of lenses and mirrors. At the same time, the diameter of 
the tube is limited to around 2 mm, which is smaller than the diameter of the nozzle exit (internal 
diameter of 2.3 mm). Moreover, the laser beam could not have been excessively focused because it 
could damage the lenses and the mirrors used and not illuminate the whole width of the liquid 
column. The laser beam exits the liquid jet nozzle in a direction parallel to the nozzle axis and follows 
the liquid stream. As explained earlier in Chapter 2.6, the atomising liquid is doped with Rhodamine 
WT dye, which is excited by the light at 532 nm and fluoresces strongly with a peak at 587 nm. As a 
consequence, the liquid jet becomes luminous along the length of propagation of the beam. It is 
important to mention that the intensity losses in this situation are negligible due to the geometry of the 
liquid jet, as explained earlier in Chapter 3 - . Furthermore, the laser beam is collimated with the 
liquid column; therefore, the interaction of the refracted light with the liquid-gas interface is rather 
unlikely, which confines even further the light losses. 
The flow conditions examined during optical connectivity measurements and the corresponding 
dimensionless numbers are shown in Table 4-2. The measurements were obtained at room 























1 0.50 2.0 500 50 4100 86 30 
2 0.50 2.0 750 74 4100 200 67 
3 0.50 2.0 1300 120 4100 570 190 
4 0.50 2.0 1800 170 4100 1100 370 
 
The instantaneous images of each case were processed through the use of Matlab to calculate the 
break-up length. In order to achieve this, the images are read in sequence and converted to 2-
dimensional matrices with the same size as that of the resolution of the images. The elements of each 
matrix represent the corresponding pixels and their values indicate the light intensity. Since the 
background is subtracted, the pixels that correspond to the black background in the captured images 
have a value equal to zero. On the other hand, the pixels that represent the luminous liquid jet have 
positive values. At the same time, the magnitude of these values is analogous to the light emitted by 
the liquid jet and captured by the camera. To calculate the break-up length of each instantaneous 
liquid column, the location of the nozzle and the tip of the jet were detected. For their detection, the 
algorithm scans each image vertically and as soon as the values of a row of pixels satisfy the 
conditions set by the thresholds, the corresponding locations in coaxial direction are saved. The 
distance in pixels between the two locations is then counted and converted to SI units, as the size of 
each pixel is known. An example of the whole procedure is represented in Figure 4-13. After the 
calculation of the ensemble of instantaneous break-up lengths, the average break-up length for each 
flow condition is calculated. 
 
 





Figure 4-14 shows examples of instantaneous images for each of the described flow conditions in 
Table 4-2. It is evident that the length of the continuous liquid column decreases while the gas to 
liquid Momentum Ratio (MR) increases, as the jet velocity remains constant and the gas velocity 
increases. It is also obvious that the break-up length can be measured more easily with optical 
connectivity as the breaking point of the continuous liquid core is not obstructed by the atomisation 
products, even if the atomisation becomes more vigorous (case 4 with gas to liquid MR=370). In 
contrast, in photography the detection of the break-up location can be challenging in some cases. In 
addition, the laser light seems to be able to trace well the liquid/air interface as it is completely 
reflected back at the interface. The light losses increase as the atomisation becomes more vigorous 
and close to the breaking point but the light intensity is still sufficient to identify the break-up 
location. The decrease of the light intensity close to the break-up is caused by the roughened surface 
of the liquid jet in that region as the deformation into droplets occurs. The fluorescent images also 
display the complexity of the structure of the liquid jet as its surface becomes rougher, where dynamic 
features are formed, especially in the cases of high gas to liquid MR. In these cases, the fluorescent 
intensity decreases as the scattering of light increases. It is believed that the instabilities and the 
formed dynamic features contribute to the atomisation process. Thus, further study is required to 





Figure 4-14. Instantaneous fluorescent images of liquid jet for liquid jet velocity 𝑼𝒋=2 m/s, and 
variable coaxial gas velocity and gas to liquid Momentum Ratio (MR). 
 
4.2.4. Results and comparison of the break-up length measurements obtained through 
electrical connectivity, high-speed shadowgraphy and optical connectivity 
The comparison of the measured voltages across the nozzle and the probe in relation to the 
matching images of the liquid jet showed that there is a correspondence between the apparent contact 
of the liquid jet on the electrical probe and the voltage drop between the probe and the nozzle. This 
can be illustrated by the example of Figure 4-15 which shows a sequence of images of the atomising 
jet along with the measured voltage drop across the jet nozzle and the probe (red line). The 
progressive decrease of the area of contact between the water jet and the needle probe among the 
acquired images 312 to 320, shows an increasing trend in the measured voltages between the nozzle 
and the probe. However, in frames 321 to 322, the increasing contact between the jet and the probe 
decreases the value of the voltage measured. The peak value of the voltage drop in this example is 
located in image 320, where the apparent contact between the jet and the probe is very small. Despite 
the small amount of contact, the measured voltage drop in this case is only around 6 V. This indicates 
that the resistance of the water jet is low, resulting in a good electrical conductivity even in the case of 





Figure 4-15. Sequence of temporally resolved photographic images (case 4 with MR=190, Table 4-1) 
overlapped by the voltage measured between the nozzle and the probe (red line). 
 
Figure 4-16 shows an example of the liquid jet using shadowgraphy and a simultaneous image of 
the same jet as obtained using the optical connectivity technique. In the former, the whole of the 
liquid phase in the line of sight between the light source and the imaging camera is visualised without 
making a distinction between the central jet and the detached liquid. The latter is less influenced by 
the products of atomisation that surround the liquid jet since the laser beam that travels along the 
liquid jet makes the liquid jet fluorescent without illuminating the surrounding area. 
 
  
Figure 4-16. Example of photography (left) and optical connectivity (right). The optical connectivity 
technique is less influenced by the presence of the product of atomisation around the spray (example 
shown for case 4 with MR=190, Table 4-1). 
 
The comparison of the measurements of the average break-up length L, normalised by the liquid 
jet diameter 𝑑𝑗, obtained by using all the three techniques is presented in Figure 4-17 as a function of 
the gas to liquid momentum ratio MR. It is shown that there is generally a good agreement between 
the measurements of the break-up length with the considered techniques. High-speed photography and 























































































connectivity technique measures somewhat different break-up lengths. This is expected since the high 
speed photography and the electrical conductivity measurements were conducted simultaneously, 
while the optical connectivity technique measurements were obtained at a different time. However, as 
discussed earlier, the main cause of the differences in the evaluation of the break-up length remains 
the influence of the judgement of the user on image processing. There is an advantage of the high-
speed photography over the single frame photography due to the ability of the former to observe the 
history of any event and decide accordingly, even when the view of the liquid core is restricted by the 
products of atomisation. Single frame photography can lead to an overestimation of the break-up 
length, as demonstrated in Figure 4-10. In the first frame, the jet appears to be continuous. However, 
after 50 µs it is revealed that there is a discontinuity upstream of the location of the needle, which is 
more clearly seen at the subsequent frames, when the liquid is divided in two distinct lumps: one 
attached to the nozzle and one detached from the main jet. The availability of the temporal sequence 
of the images of the liquid jet supported the conclusion that the liquid jet became discontinuous in the 
second image at the time of 50 µs. 
In the measurements of the break-up length using the electrical conductivity technique, as the 
liquid jet breaks up, there is not always a complete separation of the sprayed liquid and the detached 
lumps of liquid, which was proved earlier to be able to conduct electricity without causing great 
increases in the voltage drop measured between the nozzle and the probe. This is demonstrated in 
Figure 4-15, where the presence of a number of ligaments allows electrical current to flow through the 
liquid jet although the contact with the probe is small. The presence of interconnecting ligaments 
between the main lumps of the liquid of the atomised spray has been considered in the past by Yule 
and Salters [21] in relation to the electrical conductivity technique. They also proposed that the spray 
does not break up in a single column but in a number of interconnecting masses. Obviously, there are 
differences between the diesel injector considered by Yule and Salters [21] and the air-blast atomiser 
considered here. The products of atomisation in the former were decelerated by the quiescent air 
environment leading to a denser spray than in the air-blast atomiser used here in which liquid mass is 
transported by the high speed coaxial air flow downstream. However, the premise of a connection 
between the continuous liquid jet and the detached masses of liquid is present in the air-blast atomiser. 
Finally, the break-up length measured with optical connectivity is in most of the cases shorter 
than the one obtained when the other two techniques were used. Nevertheless, the differences 
observed are small as it may be seen in Figure 4-17. It was explained by Charalampous et al. [25] that 
the optical connectivity technique is based on the propagation of a laser beam within the length of a 
liquid jet in the same way that light propagates in optical fibres. Close to the breaking point the beam 
cannot propagate within the ligaments which connect the detaching masses of liquid. Instead it 
diffuses widely. As a result the break-up length measured by the optical connectivity technique will 
be weighted around the onset of the break-up process, while the other two techniques will predict a 
somewhat longer break-up length as they are more likely to detect the break-up point at a later stage 
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than the optical connectivity technique. 
It is again observed that for high Momentum Ratios the break-up length does not change 
substantially when further increasing the gas to liquid MR. This might be a good indication that MR is 
not the only parameter that governs the atomisation process. Re and We numbers should also be 
considered, especially the latter in the case where the gas to liquid velocity ratio is significantly high. 
The break-up lengths measured in the present investigation are also compared to the correlation 
derived by Eroglu et al. [23]. According to this, the ratio of the liquid intact length to the liquid jet exit 
diameter in coaxial atomisers can be derived from the following empirical equation: 
L dj⁄ = 0.5 We
−0.4 Re0.6      (Equation 4-4) 
The asterisks shown in the plot of Figure 4-17 indicate the break-up lengths calculated from the 
empirical equation given by Eroglu et al. [23]. It can be easily seen that those agree very well with the 
ones measured by high-speed shadowgraphy. Evidently, this is happening because the empirical 
equation given in [23] was derived from photography experiments. 
 
Figure 4-17. Comparison of the break-up length measurements obtained using the three experimental 
techniques. Each technique is indicated as follows: HS - High speed photography, EC - Electrical 
Connectivity, OC - Optical Connectivity. 
 




















Eroglu et al. [22]
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4.3. Analysis of the high-speed shadowgraphy and optical connectivity measurements 
using Proper Orthogonal Decomposition (POD) 
The thorough investigation of the morphology of a liquid stream in a coaxial high-speed gaseous 
flow can reveal important dynamic features that may well contribute to the atomisation process and 
determine the formation of downstream droplets. In order to understand the parameters that lead to the 
formation of a spray, the liquid jet structure needs to be dissolved into a number of components of 
different magnitude and evaluate the contribution of each one. This is attempted in the present chapter 
through the application of Proper Orthogonal Decomposition (POD) analysis in both fluorescent and 
high-speed photographic images captured with optical connectivity and high-speed shadowgraphy 
respectively. POD is a powerful mathematical tool that is primarily used for the extraction of large 
scale flow structures and it is widely applied to complex turbulent flows as it can provide information 
that it is difficult to obtain using other techniques. The principle and analytical description of POD 
methodology can be found in Chapter 2.9. As the demand for numerical capabilities is very high, 
when POD is applied to large number of samples of data, the method of snapshots is used. The latter 
is discussed in detail in Chapter 2.9.2 of the present investigation. 
The information extracted is unique to each technique, with the analysis of optical connectivity 
technique providing information on the structure of the primary atomisation region and photography 
on structures in the primary and secondary atomisation regions as well as the dispersion of clouds of 
droplets. Figure 4-18(a) shows an example of a photographic image in which the detached droplets 
and ligaments downstream of the continuous jet are imaged along with the atomising liquid core. 
However, in the optical connectivity image, Figure 4-18(b), only the liquid jet core is visualised. Due 
to the dynamic nature of atomisation, there is a high variability in the morphology of the liquid jet 
which determines the atomisation products. Moreover, the study of the most energetic modes of both 
techniques in a range of experimental conditions can shed light on the different phenomena that take 





Figure 4-18. Example images from: (a) photographic imaging and (b) optical connectivity, for flow 
condition case 6. 
 
The considered flow conditions and the corresponding dimensionless parameters are shown in 
Table 4-3. In this investigation the liquid supply, and, hence, the liquid Reynolds number, is kept 
constant while the gas supply, and, hence, the Weber number and gas to liquid Momentum Ratio 
(MR), increase. This is to investigate the variability of the spray features when the Weber number and 
gas to liquid MR change. For each flow condition and each technique, 2048 images were recorded and 
decomposed by POD to extract the orthogonal modes. 
 
Table 4-3. The flow conditions and the dimensionless parameters used in POD analysis of high-speed 



















1 0.10 0.40 250 25 820 23 190 
2 0.10 0.40 300 30 820 33 270 
3 0.10 0.40 350 35 820 45 370 
4 0.10 0.40 400 40 820 59 480 
5 0.10 0.40 450 45 820 75 610 
6 0.10 0.40 500 49 820 92 750 
 
Each flow condition was analysed separately by the method of snapshots and a number of 
eigenvalues (𝜆𝑛) and eigenvectors (𝑥𝑛) equal to the sample number was obtained. Subsequently, the 
eigen-modes (𝜑𝑛) were calculated, the number of which is again equal to the sample number. In order 
to find the individual energy contribution of each mode, the eigenvalues were sorted in an ascending 
order and the percentage of each one over the total energy contained in the ensemble of modes was 
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calculated. In this way the first mode of each measurement captures the greatest amount of pixel 
intensity fluctuations, with succeeding modes containing progressively less information of pixel 
intensity fluctuations. If most of the pixel intensity fluctuations are captured in the first few modes, it 
is possible to deconstruct the atomisation process to an overlap of a limited number of geometrical 
characteristics that develop on the liquid jet stream and downstream. When this is not the case, it is an 
indication that the atomisation process is complex and cannot be described in simple terms. It should 
be clarified that in the present investigation, the term “energy contribution” refers to the magnitude of 
the fluctuations in terms of pixel intensity. The quality of the description of the atomisation process 
using the first i modes, is quantifiable by the ratio of the sum of the eigenvalues of each mode, up to 








              (Equation 4-5) 
Figure 4-19 shows the cumulative distribution of the eigenvalues that correspond to the 50 most 
energetic modes for high-speed shadowgraphy and the different flow conditions after the mean flow 
was subtracted. The corresponding plot for fluorescent imaging captured using optical connectivity 
can be seen in Figure 4-20. In all flow conditions and for both measuring techniques, it is observed 
that a significant number of modes is required to describe the atomisation process with accuracy. 
While about 50% of the pixel intensity fluctuations are captured by the 10 first POD modes that show 
large scale features, the minimum number of modes for all investigated flow conditions required to 
capture 80% of the pixel intensity fluctuations is 53. This number is clearly too high for the 
breakdown of the description of atomisation into a few energetic modes. In addition, the number of 
modes required to attain the same degree of completeness of the description of atomisation differs 
significantly as far as photographic and optical connectivity imaging is concerned. The optical 
connectivity method requires by far fewer modes. For instance, the first mode for high-speed 
shadowgraphy (Figure 4-19) contains between 10 and 20% of the total energy for the different flow 
conditions, while the corresponding energy for the fluorescent intensity imaging (Figure 4-20) varies 
approximately from 18 to 28%, which proves that less energy is captured in the case of high-speed 
shadowgraphy. Moreover, in case 5, for example, in order to describe 80% of the pixel intensity 
fluctuations, 55 modes are needed for the images of the optical connectivity method and 116 modes 
for the images of the photographic method. As the photographic images, which contain information 
on the dispersion of the spray droplets downstream the liquid jet, describe a more complex 
phenomenon, more POD modes are required for a good description. On the other hand, since the 
optical connectivity technique does not capture information on the relation between the primary and 
secondary atomisation regions, it is likely that the separation of the two can isolate the features that 
evolve on the jet core as much as possible. 
Figure 4-21 and Figure 4-22 show the variation of the contribution of the 5 most energetic modes 
with gas to liquid MR for high-speed shadowgraphy and optical connectivity imaging respectively. 
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The linear fitting and its equation are shown in each figure. It was selected to fit straight lines to the 
results because the observed behaviour indicated a linear dependence with the Momentum Ratio and 
Weber number. However, there is no theoretical reason to expect such linear behaviour between the 
energy contribution of the different POD modes and the MR and We. In addition, the observed 
behaviour has not been considered before in the literature. It is observed that there is a positive trend 
in both cases, demonstrating that the energy contained within the 5 first modes increases as the gas to 
liquid MR increases. This is expected, as the atomisation becomes more intense and vigorous when 
the gas to liquid MR increases. The gradient of both fitted lines is small enough showing that the 
influence of the MR on the contributed energy is not significant in coaxial atomisation. For high-speed 
shadowgraphy, the gradient is 0.015 and the angle with the horizontal axis is 0.9˚, while for optical 
connectivity the gradient is 0.022 and the angle is 1.3˚. The relation between the contributed energy of 
the 5 most energetic modes and the Weber number seems to be stronger as the fitted lines in this 
occasion have a higher gradient. For high-speed shadowgraphy the gradient is 0.12 with an angle of 
6.8˚ (Figure 4-23) and for optical connectivity the gradient is 0.18 with an angle of 10.2˚ (Figure 
4-24). 
 
Figure 4-19. Cumulative energy contribution of the first 50 eigenvalues that correspond to the most 
energetic orthogonal modes extracted from high-speed shadowgraphy imaging. 
 









































Figure 4-20. Cumulative energy contribution of the first 50 eigenvalues that correspond to the most 
energetic orthogonal modes extracted from fluorescent (optical connectivity) imaging. 
 
Figure 4-21. Energy contribution of the 5 most energetic modes extracted from high-speed 
shadowgraphy for different values of gas to liquid MR. 
 





















































































Figure 4-22. Energy contribution of the 5 most energetic modes extracted from optical connectivity 
for different values of gas to liquid MR. 
 
Figure 4-23. Energy contribution of the 5 most energetic modes extracted from high-speed 
shadowgraphy for different values of Weber number. 
 











































y = 0.022*x + 32



























































Figure 4-24. Energy contribution of the 5 most energetic modes extracted from optical connectivity 
for different values of Weber number. 
 
Many geometrical features of the atomisation process can be identified by examining the 
contours of the POD modes. The features concentrate mostly on the area of liquid break-up as far as 
the optical connectivity technique is concerned and around the break-up location and the downstream 
region as far as the photographic technique is concerned. This is due to the greater amount of pixel 
intensity variations in these regions. For both measuring techniques the first modes, which are the 
most energetic, are dominated by spatially wide features, such as Mode 1 shown in Figure 4-25a. The 
features captured by the weaker modes contain less information, which become finer, as in Mode 100 
seen in Figure 4-25b. However, it must be noted that these features do not become completely 
random. The contribution of each mode as a percentage of the total energy and the scale of the 
contour are also shown. Red colour represents the highest positive value shown in the corresponding 
scale while blue the negative. The absolute value of each pixel signifies the magnitude of intensity 
deviations from the mean flow. The intensity is higher in the most energetic modes and decreases 
exponentially as the mode number increases. The scale in each occasion is adjusted so that the 
features can be observed. For the observation of an energetic mode, a larger scale can be applied in 
comparison to a weaker mode where the illustrated features, both positive and negative, obtain much 
lower absolute values. 
 



























































Figure 4-25. POD contours: (a) Mode 1 and (b) Mode 100 of high-speed shadowgraphy (case 6). The 
shown percentage is the energy contribution of each mode. 
 
Figure 4-26 shows the first 3 modes from decomposing the high-speed images in the first row 
and the fluorescent images from optical connectivity in the second row of flow condition case 1 on the 
same scale, which is shown on the right side of the figure. An instantaneous image from the 
corresponding sample is shown on the left side of the figure. The first mode illustrates the region 
where the greatest variations occur. In the case of high-speed shadowgraphy the first mode captures 
the variations in the break-up region and downstream, while in fluorescent imaging it captures the 
continuous liquid column. As far as flow condition case 1 is concerned, the continuous liquid column 
is long and fluctuates in the radial direction until the jet breaks up and disintegrates into droplets. 
Figure 4-28 shows different examples of the fluctuating liquid jet. Although the liquid jet oscillates 
and its tip is frequently displaced from the central axis of injection, the first mode appears to resemble 
the mean flow, especially in the case of optical connectivity where the corresponding contour shows 
the continuous core of the liquid column and allows the calculation of the break-up length. This is 
probably happening because the first mode captures the largest-scale instabilities that appear along the 
length of the jet in the gas and liquid interface. The fluctuations of the tip of the liquid jet are captured 
later from the following modes (modes 2 and 3). 
The spatial distribution of positive and negative (red and blue colours respectively) lobes 
indicates that the most energetic modes can be classified into two categories; those that are symmetric 
around the jet axis and those that are anti-symmetric around the jet axis. The former indicates features 
developing longitudinally around the jet, such as Kelvin Helmholtz instabilities, while the latter 
indicate oscillatory behaviour, such as flapping. The anti-symmetric modes appear to be more clearly 
captured by photography. Modes 2 and 3 (Figure 4-26) of both high-speed photography and optical 
connectivity techniques clearly show the flapping motion of the liquid jet close to break-up, while 
modes 4 and 5 (Figure 4-27) show the oscillation of the straight portion of the liquid jet around its 
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centreline. Mode 6 appears as a combination of previous modes as it demonstrates both flapping 
motion and features developing longitudinally. The distension of the liquid column near the break-up 
location is also observed along with the arched motion of the presumably detached liquid lump. The 
higher modes appear as higher order harmonics with finer features and do not provide any 
substantially new information. 
 
 
Figure 4-26. The first 3 modes extracted from high-speed photography in the first row and optical 




Figure 4-27. Modes 4-6 extracted from high-speed photography in the first row and optical 
connectivity in the second (case 1) on the same scale of absolute pixel intensity values. 
 
 
Figure 4-28. Examples of the fluctuating liquid column; from high-speed shadowgraphy in the first 




The flapping motion of the liquid jet close to the break-up point is also captured well by 
both photographic and fluorescent imaging in other flow conditions as seen in Figure 4-29. It 
is proved by the comparison of the shape of the contours of POD mode 2 for the two 
methods, that the flapping motion of the liquid jet is captured well in this mode for all the 
considered flow conditions. Although the flow conditions are different, the features shown by 
this mode are very similar. The only thing that differs, as it can be seen in Figure 4-29, is the 
location downstream of the nozzle where the flapping motion occurs. As the gas to liquid MR 
increases the break-up takes place closer to the nozzle. Thus, the flapping of the tip of the liquid 
column is observed at a higher position. It is believed that the flapping motion of the liquid core is 
a very important feature with a high impact on the atomisation process as the dispersed 
droplets that are formed downstream follow this motion and their position in the radial 
direction depends on the inclination of the liquid column. 
While the POD processing of the obtained images from both techniques identifies a 
multitude of modes, as shown in Figure 4-19 and Figure 4-20, the overall contribution of the 
individual modes to the total image intensity fluctuations is small. For example, even the 
flapping mode 2 of Figure 4-29, while clearly distinguishable and with a clear physical 
significance in the atomisation process, accounts for only for about 5.5-7.5% of the total 
amount of image intensity variability for high-speed shadowgraphy and about 5.5-9.5% for 
optical connectivity for the different flow conditions. As the number of modes that are 
needed to describe the atomisation process is large and their spatial characteristics span from 
the size of the liquid jet length to the resolution of the imaging system, no clear interpretation 
of their significance can be deduced at this stage. This means that the atomisation cannot be 
described as a simple process. On the contrary, it is evident that it is a multifaceted dynamic 
process that is based on different phenomena that develop in the liquid jet and needs to be 





Figure 4-29. Mode 2 for different flow conditions showing the flapping motion of the liquid jet close 
to the break-up location from high-speed shadowgraphy in the first row and optical connectivity in the 
second on the same scale of absolute pixel intensity values. 
 
An example of image reconstruction in the case of high-speed shadowgraphy (case 6) is shown in 
Figure 4-30. It is easily observed that the sum of consecutive modes improves the description of the 
flow. By increasing the number of modes considered during the reconstruction, the reconstructed 
image approximates the snapshot with greater accuracy. A good approximation of the original 
snapshot captured with photography is achieved by reconstructing the 100 most energetic modes but a 
fair approximation can also be achieved by the reconstruction of the 50 most energetic modes, as it 
can be seen in Figure 4-30. In this case, the 50 most energetic modes account for 73% of the total 
variations captured. If only one mode is used in the reconstruction, the image displays just the very 
basic structure of the spray without any other features, just like the average image of the sample of 
snapshots which is shown in the same figure. This was also observed earlier when examining the 
modes. It was, then, seen that the first mode in all the cases displays the greatest variances that occur 
in the main structure of the spray without providing any detailed information on the structure of the 
liquid column, especially in the case of high-speed shadowgraphy, or any other smaller scale features. 
The absence of information provided by the reconstruction of the first mode enhances the observation 
that was made earlier and emphasized the complexity of the atomisation process and the fact that it 
cannot be described with just a few modes. 
Similar observations can be made in the case of fluorescent imaging reconstruction (Figure 
4-31). The reconstruction of the first mode provides an image identical to the mean image, showing 




a good approximation during the reconstruction. Figure 4-31 shows that the 30 most energetic modes, 
which account for 65.5%, provide all the necessary information, particularly in the break-up region. 
Since optical connectivity captures only the continuous liquid column, it is expected that fewer modes 
will be enough to capture the variability near the break-up region. In contrast, in photography where 




Figure 4-30. Image reconstruction of high-speed shadowgraphy by considering different numbers of 
modes (case 6). The scale shown here is the same as the one used in the original snapshots. 
 
 
Figure 4-31. Image reconstruction of fluorescent imaging by considering different numbers of modes 




4.4. Correlations between the instantaneous break-up length of liquid jets and 
downstream spray characteristics 
4.4.1. Introduction 
In the present investigation, optical connectivity is used simultaneously with Interferometric 
Laser Imaging Droplet Sizing (ILIDS) to quantify the correlation between the instantaneous break-up 
length and downstream droplet sizes. As explained earlier, optical connectivity is a technique that 
permits the internal illumination of a continuous liquid column and, hence, the precise calculation of 
the break-up length. ILIDS is a planar technique, which when used on its own can obtain 
simultaneously measurements of both droplet velocities and sizes, and can be also applied to sparse 
sprays [17-19]. The principle of ILIDS is based on the scattering of light by the droplets that are 
illuminated by a Gaussian laser sheet, as described in detail in Chapter 2.7. The interference between 
the reflected and the refracted light from each droplet is collected by a lens which supresses the signal 
and converts it into a fringe pattern, the spacing of which is proportional to the droplet diameter. 
When it is used in combination with optical connectivity it can measure only the droplet sizes, as one 
part of the beam is used for the purpose of optical connectivity and the other for ILIDS. More details 
about the implementation of combined measurements are given in Chapter 2.8. Before obtaining the 
combined measurements, double frame ILIDS is performed to evaluate the droplet sizes and 
velocities, as described in Chapter 2.7. The velocities of the different classes of droplets are used to 
estimate the time difference (dt) between the triggering of the optical connectivity and ILIDS 
measurements, so that the formed droplets at the break-up region are captured downstream in the size 
measuring area. 
The main objective of the present investigation is to calculate the correlation coefficients 
between the break-up length and the droplet sizes in coaxial air-blast atomisation and derive a 
predictive relationship between the continuous liquid jet and the downstream spray characteristics. 
This will shed light on the influence of the primary atomisation process to the formed droplets and can 
facilitate the need for modelling the structure of the produced spray. Such progress may allow the 
prediction of downstream droplet sizes and contribute to the reduction of pollutant emissions during 
the combustion process. 
The results that follow will concern a single flow condition, which is described in Table 4-4. In 
the same table the corresponding dimensionless numbers, such as the liquid Reynolds number, the 
Weber number and the gas to liquid Momentum Ratio, which are defined in Chapter 1.4, are also 
given. The acquired number of samples is 2000 for each case. For the purpose of separate 
measurements, 2000 images are acquired for each technique, i.e. optical connectivity and double 
frame ILIDS, while the same number of samples is also obtained at each time delay (dt) when the 
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4.4.2. Independent optical connectivity and double frame ILIDS measurements 
Before conducting the combined measurements, the characteristics of the spray were studied by 
implementing optical connectivity and ILIDS separately. The fluorescent images were captured using 
only the first pulse of the double pulse Nd: YAG laser, while the droplet size measurements were 
acquired by using both laser pulses with a small time delay (5 μs) between them. This allows the 
capturing of double frame measurements, from which both radial and axial velocities of each 
validated droplet can be calculated as the time difference between the two frames is known and the 
displacement of each droplet in both directions can be counted. The calculation of the velocity of each 
droplet is essential as it will define the time delays that will be used during the combined 
measurements, so that the different classes of droplets that will be formed during the break-up are 
captured downstream at the specified distance, where the ILIDS measurements are performed. The 
double frame ILIDS measurements are performed at a streamwise distance from the nozzle equal to 
80 mm. 
The instantaneous fluorescent images acquired were processed in the same way as described in 
Chapter 4.2.3, to calculate the instantaneous break-up lengths. The processing of the fringe patterns is 
described in detail in Chapter 2.7.1 and can provide information about the droplet number density, the 
Arithmetic Mean Diameter (AMD), the Sauter Mean Diameter (SMD) and the droplet velocities. The 
signal to noise ratio (SNR) threshold for the pixel intensity of the present investigation is set to 6. 
Therefore, only droplets with SNR>6 were validated from the ensemble of the identified droplets, 
whereas the rest of the droplets with lower SNR were neglected. 
The instantaneous break-up length distribution for the flow condition described in Table 4-4 is 
shown in the histogram of Figure 4-32. The break-up length distribution follows a normal (or 
Gaussian) distribution with a peak at the mean value. The mean break-up length of this flow condition 
for a sample of 2000 images is estimated to be 9 mm. It is seen that the break-up length can vary 
significantly, specifically from 3 to 14 mm. The high variations demonstrate the dynamic nature of the 
atomisation process and make the challenge of correlating the break-up length with the downstream 
spray characteristics very intriguing, as the purpose of this investigation is to evaluate how the 
variability of instantaneous break-up length affects the droplet sizes that are formed downstream. The 
droplet size distribution for the described flow condition and at axial (streamwise) distance y=80 mm 
from nozzle is shown in Figure 4-33. The gap between 0 and 14 μm is observed because of the 
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restrictions that apply during the fringe patterns processing, which do not allow the identification of 
very small droplets. More information about the capabilities of the ILIDS technique and the 
restrictions that apply is given in Chapter 2.7. The droplet size distribution illustrates that a variety of 
droplets with a broad range of sizes are formed in the area under examination where ILIDS is applied. 
The highest droplet number density (around 8%) is detected in droplets of size around 17 μm, while a 
few droplets with a size that reaches the 300 μm are also formed. About the 50% of the total validated 
droplets have a size that ranges between 14 and 40 μm, while the droplets with a size larger than 100 
μm surpass the 10% of the total validated droplets. The size distribution indicates that in the case of 
droplets with a size of around 50 μm, a second peak is observed. The droplets of that size compose 
approximately 10% of the total droplets. This observation may be due to the unsteadiness of the 
break-up process which could lead to the formation of droplet clusters that appear to include droplets 
with larger size. It should be noted that the droplet size distribution of Figure 4-33 is averaged across 
the area of the ILIDS images. Therefore, since the droplet sizes in the spray may change from one 
location to another, this spatial averaging may lead to the presence of two maxima in the probability 




Figure 4-32. Instantaneous break-up length distribution for case 1 (gas to liquid MR=610). 
 
































Figure 4-33. Instantaneous droplet number density for case 1 (gas to liquid MR=610) at axial distance 
y=80 mm from nozzle (SNR>6). 
 
The double frame ILIDS measurements permitted the calculation of the droplet velocities. The 
two frames are captured with a small time difference between them, which is 5 μs for the present 
experiment. After locating the position of each droplet in both frames, the displacement in both radial 
(cross-stream) and axial (streamwise) directions can be calculated by counting the pixel difference. 
Since the dimensions of the size measuring area are known, the displacement in pixels can be 
converted into mm and the velocity is calculated as the ratio of the displacement and time delay. 
Figure 4-34 and Figure 4-35 show scatter plots of the radial and axial velocities respectively for 
different size classes of validated droplets (case 1), which were located at 80 mm from the nozzle exit. 
The sample of images used for the estimation of droplet velocities is 400. It is found that the large size 
droplets have a low radial velocity, which indicates that they deviate slightly from the axis of 
symmetry. On the other hand, small droplets with a size mainly between 14 and 50 μm gain a 
relatively high radial velocity, which can reach 40 m/s. This might be an indication that the gas flow 
appears turbulent behaviour downstream of the nozzle where the ILIDS measurements are performed. 
The scatterplot of the radial velocity of droplets with the droplet size (Figure 4-34) may be 
expected to be more symmetrical around the zero velocity value, but this is not the case. A significant 
number of small droplets have a positive radial velocity, while substantially fewer droplets obtain 
negative radial velocities of the same order. It is noted that the results of Figure 4-34 are spatially 











































averaged over the area of the ILIDS images. Therefore, a small misalignment of the axis of the laser 
sheet relative to the axis of the spray will lead to a bias of radial droplet velocity away from the 
centerline. This is believed to be the reason that causes the lack of symmetry around the zero velocity 
value. The droplet velocity results are not presented as ‘point’ measurements because the purpose of 
the study was to correlate the droplet sizes in the spray with the break-up behavior of the liquid jet.  
The estimation of axial velocity of droplets allows the calculation of the time needed for the 
different classes of droplets to travel downstream to the ILIDS measuring area. Since the objective of 
the present investigation is to correlate the break-up length with the downstream droplet sizes, the 
ILIDS measurements should be performed after optical connectivity measurements with such time 
delays, so that most of the droplets formed in the primary atomisation region are captured by the 
ILIDS camera. It is illustrated that the majority of droplets has an axial velocity that varies between 
15 and 45 m/s. Only a very few droplets with a small size acquire an axial velocity equal to the 
velocity of the gas stream, which is 45 m/s for the described flow condition. This has been predicted 
as the small droplets are more prone to follow the gas stream. As the ILIDS measurements are 
obtained further downstream the nozzle, the gas stream flow can be altered by the ambient conditions. 
At this distance the gas flow may become more turbulent and carry away some droplets, which can 
also acquire a radial velocity. Numerous small droplets with a size up to 50 μm obtain high axial 
velocity which ranges between 30 and 45 m/s, while all droplets with a size higher than 70 μm gain 
half or less of the gas velocity. This is expected since the large size droplets cannot respond to the gas 





Figure 4-34. Radial velocity (𝑈𝑥) as a function of droplet diameter for case 1 (gas to liquid MR=610). 
 
 
Figure 4-35. Axial velocity (𝑈𝑦) as a function of droplet diameter for case 1 (gas to liquid MR=610). 
 




















































4.4.3. Combined optical connectivity and ILIDS measurements 
In order to measure the break-up length and the downstream droplet sizes simultaneously, the 
first triggering pulse for the camera is assigned to the optical connectivity measurements and the 
second pulse to the ILIDS measurements, while the time difference between the two pulses can be 
specified. An attempt is made to find the correlations between the break-up length and the 
downstream droplet characteristics for flow condition case 1 (gas to liquid MR=610) shown in Table 
4-4, while measurements in this flow condition are repeated for several time intervals (dt). For each 
time interval and each technique 2000 images are recorded. ILIDS measurements are performed at a 
distance y=80 mm from the injecting nozzle. The time delays (dt) used in the present application are 
shown in Table 4-5. If we consider that the break-up occurs at approximately 10 mm downstream 
from the nozzle, then the estimated time delay for the small droplets that adopt the velocity of the gas 
stream (Equation 2-2) to travel 70 mm downstream the nozzle will be dty=70 mm
∗ = 1.57 ms. Since 
the majority of the droplets will be transported downstream with less velocity than that of the gas 
stream, a strong correlation is expected to be found when the measurements are performed with a time 
difference higher than the estimated value. Figure 4-35 shows that a good percentage of the droplets 
have axial velocity within the range 25 to 30 m/s. Thus, a strong correlation would be expected for 
time delays that vary between 2.3 and 2.8 ms. As the time delay increases further than 2.8 ms, the 
correlation is expected to weaken. 
Table 4-5. Time intervals used between OC and ILIDS measurements when performed at y=80 mm 
from the nozzle. 
Case 1 2 3 4 5 6 
dt (ms) 1.0 2.1 2.3 2.5 2.7 2.9 
 
The variation of the mean break-up length when the same flow condition is repeated is seen in 
Figure 4-36. As the time delays used between the two techniques affect only the measurements of the 
downstream droplet sizes and not the break-up length measurements, the x axis in this occasion 
displays the experiment number. The break-up length is independent of the time delays used, if the 
flow condition remains the same. The error bars shown in the figure represent the standard deviation 
of each sample of the break-up length measurements. On each occasion that will follow the error bars 
will represent the standard deviation of the corresponding quantity, unless otherwise specified. The 





∑ (xi − x̅)2
Ν
ι=1           (Equation 4-6) 
Even though the standard deviation values shown are high, the mean break-up length remains 
more or less constant. There are some small variations within the samples which seem reasonable. 
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The average value of the mean break-up length values comes to about 8.1mm which is in good 
agreement with the break-up length found earlier for the same flow condition. The average deviation 
is 2 mm which corresponds to 24.7% of the average break-up length. 
The mean droplet number density repeated in the same flow condition at distance y=80 mm from 
the nozzle is shown in Figure 4-37. The x axis displays the different time delays used between the 
optical connectivity and the ILIDS measurements. To calculate the droplet number density, the 
detected number of droplets is divided by the volume of the size measuring area. The dimensions of 
the droplet size measuring area are 12×8×1 mm in the present investigation. Thus, its volume is 
96 mm3. On average, 25.5 droplets (or approximately 0.27 droplets per mm³) are detected at y=80 
mm from the nozzle with an average standard deviation of the order of 38.8%. 
Two parameters are used for the characterisation of the droplet sizes; the Arithmetic Mean 
Diameter (AMD) and the Sauter Mean Diameter (SMD). The former is the average of the diameters of 
all the droplets in the spray sample, while the latter is the diameter of a droplet whose ratio of volume 
to surface area is equal to that of the complete spray sample. For the present thesis, the instantaneous 
AMD and SMD are calculated after averaging all the droplet sizes detected and validated in a single 
capture. The mean values (𝐴𝑀𝐷̅̅ ̅̅ ̅̅ ̅ and 𝑆𝑀𝐷̅̅ ̅̅ ̅̅ ) are calculated by averaging all the droplet sizes found in 
all the recorded frames of the same spray sample. The average 𝐴𝑀𝐷̅̅ ̅̅ ̅̅ ̅ at the specified measuring 
distance is calculated to be 55.9 μm with an average standard deviation of 26% (Figure 4-38), while 
the average 𝑆𝑀𝐷̅̅ ̅̅ ̅̅  is 138.1 μm with an average standard deviation of 31% (Figure 4-39). 
It is easily observed that the standard deviation of the fluctuations is considerably higher for both 
break-up length and droplet sizes. The large fluctuations around the mean values are expected due to 





Figure 4-36. Variation of the mean break-up length for different samples acquired in the same flow 
condition (case 1, gas to liquid MR=610). 
 
Figure 4-37. Variation of the mean droplet number density for different samples acquired in the same 
flow condition (case 1, gas to liquid MR=610) at distance y=80 mm from nozzle (SNR>6). 



















































































Figure 4-38. Variation of the 𝐴𝑀𝐷̅̅ ̅̅ ̅̅ ̅ for different samples acquired in the same flow condition (case 1, 
gas to liquid MR=610) at distance y=80 mm from nozzle (SNR>6). 
 
Figure 4-39. Variation of the 𝑆𝑀𝐷̅̅ ̅̅ ̅̅  for different samples acquired in the same flow condition (case 1, 
gas to liquid MR=610) at distance y=80 mm from nozzle (SNR>6). 


























































    (Equation 4-7) 
In the above equation, N is the total number of observations (in the present N=2000), 𝑥𝑖 and 𝑦𝑖 
represent the i
th
 element of data sample 𝑥 and 𝑦 respectively, ?̅? and ?̅? are the mean values of the 
instantaneous observations of data samples 𝑥 and 𝑦 respectively. 
The direct correlation between the instantaneous break-up length and the droplet number density, 
the AMD and the SMD was not possible to be deduced due to high uncertainties, which are caused by 
the low number of droplets detected in the instantaneous images. Therefore, the attempt to perform a 
direct correlation of the break-up length and the downstream droplet sizes does not provide any 
consistent trend. In order to overcome the uncertainties and allow the calculation of the correlations, a 
conditional correlation method was developed. According to this, the instantaneous break-up lengths 
of each sample were sorted in ascending order and then grouped in a definite number of bins in such a 
way that all bins contain an equal number of data but have different widths. If we consider that the 
distribution of a measured parameter 𝑥 which consists of N observations is Gaussian, then the 
separation of the observations into 𝑛 bins is performed as shown in Figure 4-40. The rest of the data, 
i.e. the detected number of droplets, the AMD and the SMD, are sorted and grouped in accordance 
with the break-up length assortment. Each bin is represented by the average value of the data 
contained therein. The number of bins was chosen to be 𝑛 = 10 for the present investigation and since 
each sample consists of 𝑁 = 2000 images, each bin contains 𝑁 𝑛⁄ = 200 images. The selection of 
the number of bins is a compromise between the number of samples that will be correlated afterwards, 
as the mean values from each bin are correlated between them, and the statistical uncertainty involved 
in each bin. By increasing the number of bins the statistical uncertainty of each bin will increase as its 
sample will decrease, but at the same time the sample of correlated values will increase, resulting in 





Figure 4-40. Conditional correlation method by splitting the normal distribution of parameter x, 
which contains N data, into n bins that contain the same number of data equal to N/n. 
 
Figure 4-41 shows the plot between the detected number of droplets and the break-up length bin 
values for different time delays between OC and ILIDS. The uncertainties shown on both axes are the 
standard deviations of the instantaneous values included in the corresponding bin with a confidence 
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)    (Equation 4-9) 
where 𝑛 is the number of data included in each bin and is 200 in the present investigation, 𝑥𝑖 and 𝑦𝑖 
are the i
th
 elements of the measured quantities 𝑥 and 𝑦 and finally, ?̅? and ?̅? are the mean values of the 
instantaneous observations that are included in the same bin. Figure 4-41 shows that the statistical 
uncertainties of droplet size measurements are higher than those of break-up measurements. A strong 
linear negative trend between the two variables is observed for dt=2.1ms which seems to reduce 
gradually in the next few cases. This indicates that there is some dependency between the break-up 




Figure 4-41. Plot of bin values between the detected number of droplets at y=80 mm from nozzle and 
the break-up length for 10 bins and different time delays (dt) between OC and ILIDS. 
 
The 10 bin values of each quantity are then correlated with the corresponding values of another 
quantity to extract the correlation coefficient of a single time delay case between OC and ILIDS 
measurements. The procedure is repeated for all the time delay cases given above. During the 
correlation procedure, the statistical uncertainties that were calculated earlier in the binning process of 
data are not considered. In this way the statistical uncertainties are eliminated as each group is 
represented by its mean value, which is less affected by observations with a high standard deviation. 
The correlation coefficient when applying conditional correlation between variables 𝑥 and 𝑦, will be 










       (Equation 4-10) 
where 𝑛 is the number of bins used in the correlation, which is 10 in the present investigation, 𝑋𝑖 and 
𝑌𝑖 are the average values of i
th
 bin of variables 𝑥 and 𝑦 respectively and ?̅? and ?̅? the mean quantities 















































































)   (Equation 4-13) 
The numerator of the above equation represents the standard deviation of the correlated function, 
∑ (Xi − X̅
n−1
i=2 )(Yi − Y̅), the denominator is used to normalise the uncertainty as was also done in the 
calculation of the correlation coefficient (Equation 4-10), and the factor in the brackets denotes the 
95% confidence interval. Figure 4-42 shows the correlation coefficients between break-up length and 
droplet number density for different time delays between OC and ILIDS measurements and 10 bins. 
The trend shows that there is a strong negative correlation between the two quantities, which reaches 
the value of -0.9 for dt=2.1 ms. The negative correlation indicates that as the break-up length 
increases the detected number of droplets decreases, and vice-versa. This is in accordance with the 
physical laws as the decrease of the continuous liquid jet length will lead to the formation of more 
droplets, taking into account the fact that the liquid and gas supplies remain constant and the 
ligaments that form at the break-up will disrupt into smaller droplets. It was found earlier that the 
smallest droplets will arrive first at the ILIDS measuring location after approximately 1.5 ms. The rest 
of the droplets will arrive with a higher time delay. The correlation coefficient for dt=1 ms is found to 
be very weak, between -0.2 and -0.4, it is as expected, but a vivid increase is observed for dt=2.1ms. 
In the case of the latter time delay the droplets with axial velocity of around 30 m/s reach the 
measuring location. As can be seen in Figure 4-35, a high number of droplets is conveyed 
downstream with this velocity which justifies the high correlation at this time delay. The absolute 
correlation coefficient decreases gradually then to become weak again for dt=2.7 ms and slightly 
increases again for dt=2.9 ms. The small increase is probably caused by the increasing number of 
droplets that reach the measuring location with this time delay. When the ILIDS measurements are 
obtained with a time delay of 2.9 ms after the OC measurements, the droplets with a velocity of 
around 24 m/s are captured downstream. The axial velocity profile of Figure 4-35 shows that a variety 
of different droplet sizes are transported downstream with a similar velocity, which explains the slight 
increase of the absolute value of the correlation coefficient for dt=2.9 ms. The absolute value of the 
correlation coefficient is expected to increase slightly or remain at similar levels for time delays 
between 3 and 3.5 ms and decrease again for time delays higher than 3.5 ms. This assumption is 
implied by the axial velocity profile of the droplets shown in Figure 4-35, but unfortunately no further 




Figure 4-42. Correlation coefficients between the break-up length and the droplet number density for 
several time delays between the two measuring positions. 
 
The correlation coefficients between break-up length and droplet number density are also 
calculated for different droplet classes. To achieve this, only droplets with a specific size are 
considered during the correlations on each occasion, as shown in Figure 4-43. This will point out 
which droplets contribute more to the overall correlation between break-up length and droplet number 
density that was shown earlier. Figure 4-43 shows that the small droplets govern the correlations, as 
both 14-35 μm and 35-55 μm droplet classes display a similar trend with the overall trend shown in 
Figure 4-42. This is justified by the statistical results which show that the former class includes 
approximately the 43% of the overall detected droplets and the latter 24%. The correlation appears to 
be weak when only the droplets with a size between 55 and 75 μm are considered, which consists of 
approximately 13% of the overall detected sample of droplets. The contribution of the droplets of size 
75-95 μm, 5% of all the droplets, to the overall correlations is negligible as the absolute values of 
coefficients are considerably smaller. The two classes with large droplets display similar correlations 
to the overall calculation only for specific time delays, such as dt=2.5 ms. This is because the droplets 
with such a size reach the ILIDS measuring region after large time delays with a velocity that ranges 
between 20-25 m/s, as shown in Figure 4-35. Figure 4-43 verifies that only small droplets with a size 
up to 50 μm can reach the ILIDS measuring area at time delays smaller than 2.5 ms, which is also 
confirmed by the axial velocity profile. Therefore, the small droplets have a greater impact on the 









































correlations of upstream and downstream spray characteristics in comparison with larger droplets 
which travel with various velocities. 
 
Figure 4-43. Correlation coefficients between the curved break-up length and the droplet number 
density for specified droplet classes. 
 
Figure 4-44 shows the correlation coefficients between the instantaneous break-up length and the 
AMD for different time delays. Positive correlations are calculated, illustrating that the two variables 
are interdependent and vary proportionally. The trend shows that as the break-up length increases the 
downstream droplet sizes increase too, and vice versa. The highest correlation coefficient (0.5) is 
observed for dt=2.1 ms which agrees with the correlation between break-up length and droplet 
number density, where a strong negative correlation was observed for the same time delay. When the 
ILIDS measurements are performed with this time delay, the droplets that travel with a velocity of 
approximately 30 m/s, can be captured by the ILIDS camera. Figure 4-35 shows that numerous 
droplets are transported downstream with such velocity, which explains the strong correlation. A 
similar correlation is also calculated at dt=2.7 ms which corresponds to capturing the droplets with a 
velocity of approximately 25 m/s. Figure 4-35 demonstrates that droplets of different sizes obtain a 
velocity of this order. The correlation is then reduced to zero for dt=2.9 ms. A similar trend is also 
observed when the break-up length is correlated with the SMD (Figure 4-45). For dt=1 ms, the 
correlation is negative and weak and increases later in a way similar to the correlation trend between 
the break-up length and the AMD. In this case the peak is observed at dt=2.5 ms, while, once more, 
the maximum correlation is of the order of 0.5. Evidently, the high uncertainties in droplet size 















































measurements can cause the abnormalities, such as the small but negative correlation between the 
break-up length and the SMD for dt=1 ms, which are observed. Nonetheless, the trends of correlation 
coefficients between the break-up length and the downstream droplet characteristics provide 
substantial information about the relationship of the different spray features. 
 
 
Figure 4-44. Correlation coefficients between the break-up length and the AMD for several time 
delays between the two measuring positions. 
 










































Figure 4-45. Correlation coefficients between the break-up length and the SMD for several time 
delays between the two measuring positions. 
  









































4.5. Summary of findings 
Different experimental investigations have been conducted in the coaxial air-blast atomiser to 
identify the characteristics of the spray produced in different flow conditions. Three different 
techniques were used to measure the break-up length of the liquid jet and the results were compared. 
The trend of the voltage measured across the nozzle and a probe for the purpose of electrical 
connectivity, revealed the distance at which the break-up occurs. Nevertheless, the low resistance of 
water causes the good electrical conductivity even in the case of small contact between the probe and 
the jet, such as what would have been caused by detaching ligaments from the main jet. The fact that 
the spray does not break-up in a single column but in a number of interconnecting masses makes in 
some cases the calculation of the break-up length with this technique very challenging in some cases. 
The break-up length was also determined by studying the sequence of temporally resolved images. It 
was proved that the exact location of the break-up is not always easily determined as a dense spray 
can prevent a clear observation. High-speed shadowgraphy requires the judgement of the user during 
the processing of the images, which can influence the evaluation of results. However, in most cases, 
the break-up length can be determined with sufficient confidence from the temporally resolved 
sequence of images, as the discontinuity of the liquid jet is revealed when the frames are studied 
carefully. The comparison of the voltages measured and the matching high-speed images of the liquid 
jet showed that there is a correspondence between the apparent contact of the liquid jet with the 
electrical probe and the voltage drop between the probe and the nozzle. Optical connectivity was also 
studied. This study can provide a clear visualisation of the continuous liquid jet without obstructions 
caused by the products of atomisation. The comparison of the measurements of the break-up length 
with the three techniques showed that, in general, there is good agreement between them. In most of 
the cases, optical connectivity measures a shorter break-up length as it is more likely to detect the 
onset of the breaking point, while the other two techniques detect the breaking point at a later stage. 
The variability of the liquid jet and the developed instabilities that contribute to its break-up were 
studied by applying Proper Orthogonal Decomposition (POD) on both photographic and fluorescent 
intensity images. It was shown that when POD is applied on fluorescent images fewer modes are 
required to describe the process as the photographic images also contain information on the dispersion 
of the droplets downstream of the liquid jet and describe a more complex phenomenon. In any case, it 
was demonstrated that the atomisation process cannot be described as a simple process because 
multifaceted dynamic features and combined overlapping effects develop in the spray. The most 
energetic orthogonal modes exposed the longitudinally developing features around the jet which are 
probably caused by the Kelvin-Helmholtz instabilities and the oscillatory behaviour of the liquid jet 
around its axis. It is believed that the flapping motion of the tip of the liquid column has a high impact 
on the atomisation process and determines the radial distance from the central axis at which the 
droplets are dispersed. Image reconstruction enhanced the conviction that the atomisation process is a 
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complex combination of events as a large number of modes was required to describe the phenomenon 
adequately. 
Finally, a conditional correlation method was developed to overcome the large experimental and 
statistical uncertainties and allow the calculation of the correlation coefficients between the break-up 
length and the downstream droplet sizes for different time delays (dt) between optical connectivity 
and Interferometric Laser Imaging Droplet Sizing (ILIDS). A negative correlation between the break-
up length and the droplet number density was established, showing the inversely proportional 
relationship of the two variables. The strongest correlations were detected in specific time delays, at 
which, according to the axial velocity profile, numerous droplets were expected to reach the ILIDS 
measuring region. The correlation between the break-up length and the droplet number density was 
also repeated by considering different droplet classes. It was, then, found that small droplets have a 
greater effect on the correlations. The correlations between the break-up length and AMD and SMD 
revealed a positive trend, showing that as the break-up length decreases the atomisation becomes 




Chapter 5 -  Experimental Investigations in the Cross-flow Atomiser 
 
5.1. Introduction 
In the present chapter all the experimental investigations conducted in the cross-flow atomiser 
are presented. Initially, it is explained how the optical connectivity is implemented in this unique 
atomiser design. The fluorescent intensity images captured from two different optical angles are 
analysed to reveal important features of the produced liquid jet, the geometry of which is complex 
since it is not symmetric, in contrast to the liquid jet produced by a coaxial atomiser. The instabilities 
produced by the cross-flow gaseous stream can cause motion of the liquid jet in any direction and 
have a significant impact on the break-up length and the structure of the liquid column. 
To study the morphology of the liquid jet and the travelling waves that develop on its surface, 
Proper Orthogonal Decomposition (POD) analysis is used. The intention of using this mathematical 
methodology is to extract both small and large scale flow structures that could become very important 
contributors to the disruption of the continuous liquid column into droplets. 
Subsequently, the downstream droplet sizes are obtained with a time delay after the break-up 
length measurements by combining optical connectivity and Interferometric Laser Imaging Droplet 
Sizing (ILIDS). The latter is a highly developed planar technique that can provide information on size 
and velocity of detected droplets. Since the break-up mechanism governs the downstream droplet 
characteristics, the upstream and downstream spray characteristics are, then, correlated between them 
to derive a predictive relationship. The study of their relationship is of great importance and can 





5.2. Measurements of the break-up of liquid jets using the optical connectivity technique 
5.2.1. Implementation of optical connectivity in the cross-flow atomiser 
The principle of optical connectivity remains the same when it is applied to the jet in the cross-
flow atomiser. The only alteration is that the laser beam is introduced from the side of the nozzle, 
behind the liquid jet exit, through optical windows. The beam has to follow the liquid stream so it is 
steered parallel to the axis of the liquid exit. In this way, it is collimated with the emitted liquid 
column (Figure 5-1). The liquid is doped with fluorescent dye WT in the same way as described 
before in the case of coaxial atomiser. Because of the liquid jet’s asymmetry and surface instabilities, 
the jet structure should be observed from different viewpoints; therefore the recording camera was not 
placed at a fixed position. The front and side viewpoints may provide important information about the 
jet structure and the break-up process. 
 
Figure 5-1. The experimental arrangement used for the implementation of optical connectivity in the 
cross-flow atomiser. The 2 positions of the camera are also shown (1: normal to the liquid jet exit 
centreline, 2: opposite the liquid jet exit) 
 
The intensity losses in this application are expected to be significant because of the inclination of 
the liquid column. The laser beam that propagates inside the liquid column will interact more with the 
liquid-gas interface in comparison to the coaxial jet. It is more likely that the angle of incidence will 
be smaller than that of total internal reflection. This will lead to the partial refraction of the light and 
consequently to the decrease of the intensity of the luminous continuous core. The decrease of the 
light intensity in jets deflected from the straight path is noticeable when observing the fluorescent 
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images. More details about the light losses when applying optical connectivity in deflected jets can be 
found in Chapter 3. 
 
5.2.2. Fluorescent intensity image processing 
Optical connectivity measurements allow the characterisation of the continuous liquid column 
and the study of primary break-up process. The structure of a liquid jet atomised by a cross-flow gas 
is more complex in comparison to the one produced by a coaxial atomiser due to its asymmetry and 
curvature. For that reason, more parameters are needed to describe the geometry of cross-flow jets and 
their break-up characteristics. As explained earlier, in the present investigation the fluorescent images 
are captured from two different angles. The side view fluorescent images are captured by placing the 
camera normal to the atomiser’s centreline and the front view by placing it normal to the liquid jet 
exit. An example of the two captures for jet velocity 3.2 m/s and gas velocity 40 m/s can be seen in 
Figure 5-2. The diameter of the liquid jet exit is 1 mm. 
 
 
Figure 5-2. Optical connectivity imaging in the cross-flow atomiser captured from (a) side view and 
(b) front view for 𝑼𝒋=3.2 m/s and 𝑼𝑮=40 m/s. 
 
An algorithm in Matlab for each of the two cases was developed to process the instantaneous 
fluorescent images. Initially, the images are read in sequence and converted to 2-dimensional matrices 
with of the same size as the resolution of the images. Each element of the formed matrices represents 
the corresponding pixel of image and its value indicates the light intensity, with zero being the black 
background, since the image background is subtracted. The positive values indicate the areas where 
light is emitted by the liquid jet. In the sections that follow, the processing methods and their results 
concerning the two different types of fluorescent images are described in detail. 
 
Side view image processing 
Initially, a 2-D adaptive noise-removal filter is used to remove any background or other noise 
that might degrade the continuous liquid jet image. Specifically, a Wiener2 lowpass-filter for 
grayscale images, which uses a pixel-wise method based on statistics estimated from the local 
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neighbourhood of each pixel, is applied. More specifically, it estimates the image mean and the 
standard deviation to remove the additional noise. 
Afterwards, threshold values are determined according to the image intensity. They are, then, 
used by the algorithm to identify the liquid jet boundaries (Figure 5-3). The higher jet boundary is 
detected by scanning each column of pixels, starting from the top of the image. As soon as a pixel 
value satisfies the condition, the algorithm saves the specific position, breaks and moves onto the next 
column. The lower jet boundary is detected by scanning the image in the same way but from bottom 
to top. The jet width in term of pixels is now known for each position along its length and the jet 
centreline can be calculated as the midpoint of the higher and the lower jet limit. To calculate the 
instantaneous jet trajectory a 2
nd
 degree polynomial curve is fitted on the jet centreline with the liquid 
jet exit as the starting point and the break-up position as the end. A horizontal scanning of the image 
from the jet exit and along the jet centreline reveals the break-up position, since the light propagates 
up to the break-up position and is interrupted when the liquid column is no longer continuous. In 
some cases the break-up position is not that obvious and the jet appears to break at two different 
positions, Figure 5-3 is an indicative example. In the present investigation, the first break-up position 
will be called “short” and the second “long”. It is believed that initially the liquid sheet break-up 
occurs (short break-up), during which very thin liquid layers are formed to break completely into 
droplets later (long break-up). This is actually verified by placing the optical connectivity camera 
normal to the liquid jet exit to capture the jet from the front view. However, more details about this 
setup will be given later. The fact that this observation is detected only on some occasions may 
perhaps be related to the fact that the liquid jet is twisted by the gas stream. In these cases the thin 
liquid regions that absorb less light are captured by the camera. In the cases where the jet is not 
rotated, only one break-up position is observed because the rims that keep the thin liquid layers 
together are captured and this gives the sense that the liquid column is totally continuous. In these 
cases, it is assumed that short and long positions are equated. An example of both cases is shown in 
Figure 5-4. The fluorescent images captured from the front view reveal that the bifurcation of the 
liquid jet exists in all cases and begins a few diameters downstream from the base of the liquid 
column. Hereafter, the long break-up position will be referred to as break-up, since it is assumed that 
this is the final break-up position of the liquid column. By calculating the horizontal distance from the 
jet exit to the short and long break-up positions, the corresponding cross-stream break-up lengths can 
be found. 
The curved break-up length (𝐿𝑏) is, then, calculated as the sum of the length of very small 
straight lines, whose projection on x axis has a length of 1 pixel, and altogether form an 
approximation of the liquid jet trajectory up to the breaking point. This is achieved by using the 
Pythagorean Theorem for each of the small lines, as the distance in the y axis within each pixel is 
known from the centreline calculation and the distance in the x axis is 1 pixel (Figure 5-3). Once 
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more, two curved break-up lengths are calculated, one up to the short and the other up to the long 
break-up position. 
Finally, since the length of each pixel in mm can be found from the camera magnification and the 
distance from the object or by simply placing an item of a known size at the proper distance from the 
camera, all the calculated instantaneous variables can be converted from pixels to SI units. 
 
 
Figure 5-3. Processing of an instantaneous side view fluorescent intensity image. 
 
 
Figure 5-4. The phenomenon of jet bifurcation which is observed from the side view only in some 
cases, such as in instantaneous image (a). In image (b) the jet is not twisted and this part of the jet 
remains hidden behind the main part. 
 
Front view image processing 
An example of the liquid jet when recorded from the front view is illustrated in Figure 5-2(b). In 
this case, the upper part of the liquid jet has a circular shape, while the sides of the jet (as shown from 
the front view) fluctuate significantly. The width of the liquid jet demonstrates large variations as it 
1 mm 
1 mm 1 mm 
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fluctuates within small distances. The main part of the liquid column near the nozzle exit is not 
observable from this angle, but the part of the jet where the bifurcation of the liquid column occurs is 
now clearly visible. Even though the processing of this part of the jet is not straightforward, the 
recording of this phenomenon from this angle will allow its further study and the better understanding 
of the cross-flow break-up mechanism. During the processing it will be treated, wherever possible, as 
a conical-shape spray, in order to extract some parameters, such as the conical angle and its rotation 
from the centreline. The procedure followed for this purpose is described in the following paragraph. 
The same 2-D adaptive noise removal filter as in the side view image processing is also used 
here. Initially, the middle point of the front view liquid jet is found and is considered to be the 
injection point. A centreline is then fixed vertically across the streamwise distance by passing it from 
the imaginary injection point. This centreline will be used as a reference point when calculating the 
angles of the spray and its inclination (Figure 5-5). In order to detect the liquid jet boundaries, the 
same method as before is used. By using suitable threshold values, the algorithm scans the image 
from left to right, starting from the top left of the image, to identify the left boundary of the jet and 
from right to left, starting from the top right of the image, to identify the right boundary of the jet. In 
this way, all the rows of the image, which is in the form of a matrix, are scanned in sequence and as 
soon as a pixel value that satisfies the threshold condition is found, the algorithm saves the position, 
i.e. the number of the column for the specific row, breaks and continues to the next row, until the 
entire jet is identified. 
Subsequently, the break-up length in streamwise (y)-direction (the coordinate system can be 
found in Figure 5-2) is calculated. For that purpose, the algorithm scans the image vertically along the 
spray area, starting from the bottom of the image, and as soon as the lowest part of the jet is found 
with a pixel intensity that satisfies the threshold condition, the algorithm breaks and saves the distance 
between this position and the injection point as the instantaneous streamwise break-up length. 
The biggest challenge appears during the calculation of the spray angle because, as explained 
earlier, the shape of the spray is not conical and some assumptions and approximations have to be 
made in order to be able to calculate this feature. To achieve this, two spray angles are, in fact, 
calculated; the first is for the region near the point, which is considered to be the injection point, and 
the second further downstream. For each of the two angles, straight lines are fitted to the data that 
describe the position of the left and right boundary of the spray. Because the width of the spray varies 
significantly, the distance for which the straight lines are fitted is very crucial and determines the 
slope of the lines. For example, if a straight line is fitted along the entire spray length, it will be nearly 
vertical because the width of the spray increases at first but, then, decreases after some distance. 
Furthermore, some gaps appear in some regions where the light intensity is considerably reduced. As 
explained earlier, this is caused by the fact that the liquid column initially breaks into sheet layers 
which are very thin and the light does not propagate as much as it does in the other regions where 
there is larger quantity of liquid. Therefore, the first angle was calculated as the angle between the two 
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straight lines fitted at a very small distance from the top part of the spray, whereas the second angle at 
the same distance but further downstream. Specifically, the starting point of the second angle was the 
end point of the fitted line for the first angle. 
Since the centreline of the spray is fixed and remains the same for all the instantaneous images, 
the inclination of the spray can be found by calculating the angles between the left and right boundary 
of the spray and the centreline and by finding their difference. The result of processing a typical 
instantaneous image captured from the front view can be seen in Figure 5-5. 
 
 
Figure 5-5. Processing of an instantaneous fluorescent intensity image captured from the front view. 
 
5.2.3. Dual optical connectivity results 
In this experimental investigation, two 12-bit CCD cameras were used to record simultaneously 
the fluorescent liquid jet from the side and front view simultaneously. This will allow the study of 
features that are observed in the structure of the liquid jet, because the liquid jet in a cross-flow stream 
is not symmetrical at any instant in time and its observation from only one side may not give the 
necessary information for its precise description. Furthermore, the simultaneous recording of the two 
angles can provide correlations between the cross-stream (x) and streamwise (y) jet characteristics. 
The flow conditions used for the dual optical connectivity and the corresponding dimensionless 
numbers are given in the following table. The definition and equations used for the calculation of the 
dimensionless parameters can be found in Chapter 1. Since the geometry of the atomiser remains the 
same and only the flow conditions change, the Momentum Flux Ratio (MFR) is used instead of the 
Momentum Ratio which also considers the configuration of the application. The chosen air and liquid 
velocities were a compromise between introducing sufficient deflection on the liquid jet to avoid any 
impingement of the jet on the quartz tube wall and prevent its filming along the length of the liquid 
























1 0.05 1.1 1100 17 950 4.7 3.3 
2 0.07 1.5 1300 20 1300 6.6 4.6 
3 0.08 1.7 1300 20 1500 6.6 6.0 
4 0.09 1.9 1400 21 1700 7.7 6.5 
5 0.10 2.1 1400 21 1900 7.7 8.1 
6 0.10 2.1 1500 23 1900 8.8 7.0 
7 0.10 2.1 1600 25 1900 10 6.2 
8 0.10 2.1 1800 28 1900 13 4.9 
9 0.10 2.1 2000 31 1900 16 4.0 
10 0.10 2.1 2200 34 1900 19 3.3 
11 0.15 3.2 1800 28 2800 13 11 
12 0.15 3.2 2000 31 2800 16 8.9 
13 0.15 3.2 2200 34 2800 19 7.4 
14 0.15 3.2 2400 37 2800 23 6.2 
15 0.15 3.2 2600 40 2800 26 5.3 
 
For each of the above flow conditions and each of the two angle views, 500 images were 
recorded. Figure 5-6 and Figure 5-7 illustrate the mean cross-stream (x) break-up lengths for short 
and long positions, respectively, for all the flow conditions presented in the above table. The error 
bars shown in all the following figures represent the standard deviation of the sample of the 




∑ (xi − x̅)2
Ν
ι=1          (Equation 5-1) 
where 𝑥𝑖 is an instantaneous variable and N the number of samples, which is 500 in this case. 
It is observed that the continuous liquid jet becomes longer by increasing the liquid to gas 
Momentum Flux Ratio. Furthermore, the two trends of short and long cross-stream break-up length 
agree to a great extent, with the short break-up being slightly shorter than the long, as expected. This 
is verified by correlating the mean short and long break-up values for the different flow conditions 
shown in Table 5-1. The correlation coefficient is positive and reaches 1, the highest possible, 
showing that the two positions are well linked and the one increases when the other increases and vice 
versa. The same resemblance is observed when comparing the curved (𝐿𝑏) short break-up lengths 
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(Figure 5-8) with the corresponding long values (Figure 5-9). Their agreement verifies the conclusion 
that the two break-up positions are interdependent and that the method that was used to calculate them 
is sufficiently accurate. As explained earlier, the long break-up length is considered as the complete 
liquid jet break-up length and the short as the location where the initial liquid column break-up occurs 
to form liquid sheets. Since the trends of the two locations are similar, only the long break-up length 
will be used from now on in any comparisons and calculations. It will be assumed that the same 
applies to the short break-up length too. 
Furthermore, the curved break-up length increases as the liquid to gas MFR increases but the 
trend is not as linear as in the case of the cross-stream break-up length, which is probably caused by 
the high uncertainties calculated for the cases 1-6 (MFR=3.3, 4.6, 6, 6.5, 8.1, 7 respectively). 
However, the cross-stream break-up length, which represents the distance that the jet travels along x-
axis, seems to be linearly related to the curved break-up length, something that is anticipated since the 
latter is the length of the jet centreline measured from the jet exit up to the break-up location. The 
correlation coefficient between the mean values of the two types of cross-stream break-up length is 
0.87 and their relation becomes visible when comparing the two break-up length types for flow 
condition cases with a constant gas velocity or Weber number and varying the liquid velocity or the 
Reynolds number (cases 2-3 with MFR=4.6 and 6 respectively, and cases 4-5 with MFR=6.5 and 8.1 
respectively), and vice versa (cases 5-10 with MFR=8.1, 7, 6.2, 4.9, 4, 3.3 respectively and cases 11-
15 with MFR=11, 8.9, 7.4, 6.2, 5.3 respectively). For easier observations, 3 different groups defined 
by the Reynolds number are shown by 3 different point styles in all the following figures. The first 
group refers to a range of Reynolds number between 950 and 1700, the second to Reynolds number 
equal to 1900 and the third equal to 2800. When the Weber number remains constant and the 
Reynolds number increases (liquid to gas MFR increases) the liquid jet breaks at a longer cross-stream 
distance and its curved length increases proportionally, while when Re remains constant and We 
increases (liquid to gas MFR decreases) the two types of break-up length decrease in the same way. 
Subsequently, the plots of the break-up length quantities of the inclined liquid jet against the 
liquid to gas MFR are presented. It should be mentioned that these parameters were presented earlier 




Figure 5-6. Mean cross-stream (x) short break-up length for different values of liquid to gas MFR. 
 
Figure 5-7. Mean cross-stream (x) long break-up length for different values of liquid to gas MFR. 
















































































































Figure 5-8. Mean curved (𝐿𝑏) short break-up length for different values of liquid to gas MFR. 
 
Figure 5-9. Mean curved (𝐿𝑏) long break-up length for different values of liquid to gas MFR. 





































































































Figure 5-10. Mean streamwise (y) break-up length for different values of liquid to gas MFR. 
 
On the other hand, the streamwise (y) break-up length (Figure 5-10) does not seem to follow the 
same trend so well, especially in the first 3 cases where it remains more or less constant, even though 
the cross-stream characteristics change at some level. This could happen because the uncertainties in 
the first few cases are high and do not allow the extraction of safe results. The high uncertainties can 
be verified by just looking at the RMS images of the side and front view samples. The first image of 
each row, which consists of 3 images, in the following figures (Figure 5-11 to Figure 5-15) is a 
sample of an instantaneous image, while the second of the mean intensity for each flow condition and 
the third of the RMS of the intensity fluctuations averaged over 500 instantaneous images. Each first 
row presents fluorescent intensity images captured from the side view whereas in each second row the 
corresponding images were captured from the front view. The scale of these images can be 
understood by noticing the jet exit diameter, which has size of 1 mm. The RMS reveals the variations 
from the mean intensity that occurred over all the instantaneous images. It is an indication of the 
fluctuations that were generated by the cross-flow gas stream and caused the motion of the liquid jet. 
More information about the fluctuations and surface waves can be found by using the POD analysis, 
which can decompose the images and produce the most energetic orthogonal modes. This analysis 
will be presented later. 
If the cases 5-10 (MFR=8.1, 7, 6.2, 4.9, 4, 3.3) and the cases 11-15 (MFR=11, 8.9, 7.4, 6.2, 5.3), 
where the Re number remains constant and We increases, are examined separately, a discrete 


















































increasing trend can be seen for each one of them, showing that both cross-stream and streamwise 
break-up features increase progressively in the same way when the MFR increases. The fact that for 
the same MFR different break-up lengths can be calculated demonstrates that the break-up 
characteristics do not depend exclusively on MFR, but they also depend on Re and We numbers. If 
one of these two dimensionless numbers is kept constant and the other varies then a linear slope is 
revealed, but if the value of the constant parameter changes the slope of the trend changes too. This 
explains why different trends are observed in the above figures for the mean break-up characteristics. 
By examining the images of the first 3 flow condition cases (Figure 5-11), it can be found that 
the liquid column fluctuates significantly in both cross-stream and streamwise directions. Since the 
cross-stream and streamwise break-up lengths are measured as the horizontal and vertical distance 
between the jet exit and the tip of the jet respectively, they are expected to be affected by the 
fluctuations of the tip at the break-up point of the liquid jet. Furthermore, it is obvious from the study 
of the mean images that the cross-stream break-up length increases from case 1 to 3 (MFR increases 
from 3.3 to 6), leading to an analogous increase of curved break-up length, while the streamwise 
break-up length seems to remain constant. The RMS of the fluctuations of front view revealed that the 
liquid column oscillates at large enough angles, influencing in this way, the streamwise break-up 
length and increasing the deviation from the mean at the same time. For the subsequent cases, where 
the liquid jet velocity remains constant, and the cross-stream gas velocity gradually increases (cases 5-
10 with MFR decreasing from 8.1 to 3.3 and cases 11-15 with MFR decreasing from 11 to 5.3 shown 
in Figure 5-12 to Figure 5-15), the cross-stream and streamwise characteristics decrease in the same 
way. The correlation coefficient between the cross-stream and streamwise mean break-up lengths is 
0.45 while it is 0.77 when correlating the mean curved break-up with the streamwise break-up length. 
Moreover, the statistical uncertainties are gradually reduced for these cases because as the liquid jet 
becomes smaller, the fluctuations in both directions become smaller too. In the last few cases the 
Weber number becomes higher and indicates that better atomisation is achieved. The production of a 
shorter continuous liquid column is the consequence of that. Hence, the jet contains less liquid 
quantity. This leads to a smaller liquid column motion and deviation from the mean. 
In all the cases presented below, it is demonstrated that the liquid column remains stable up to a 
point near the injecting nozzle, after which the fluctuations begin to develop and escalate at the tip of 
the jet, where the break-up occurs. This observation can be verified by examining the instantaneous 
images from both the side and front view, which can provide information about the instabilities and 
the surface waves that contribute to the break-up. In some of the instantaneous images captured from 
the side view, the bifurcation of the liquid column can be observed, while at the same time the 
instantaneous images captured from the front view, reveal that, in fact, the splitting of the liquid jet 
occurs at some distance downstream of the nozzle. The two new liquid columns are connected with a 
very thin liquid layer which captures significantly less light. As the Weber number increases the 
liquid sheet captures an even smaller amount of light which may indicate that the liquid layer at this 
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specific location becomes even thinner. In the first few cases, where the liquid column is longer and, 
hence, the quantity of the liquid carried by the jet is larger, this region appears to be well illuminated, 
while the light intensity losses at this location become significant after the 5
th
 case. However, the 
luminous circumferential part, which supports and holds this region attached to the rest of the liquid 
column, proves that the inner dark region certainly consists of liquid. In the front view images of the 
last 5 cases (Figure 5-14 and Figure 5-15), where the liquid to gas MFR gradually reduces leading to 
an earlier break-up, surface waves developed within the dark region can be observed. These column 
waves are also shown in the corresponding RMS of the fluctuations. However, the ensemble of the 
waves shown in each RMS of fluctuations, which also includes the superposition of smaller scale jet 
features, makes the detection and understanding of their dynamic behaviour and features, such as the 
wavelength and frequency, very difficult. Therefore, a further analysis is required to expose these 
structures and their effect on the break-up mechanism. 
 
 
Figure 5-11. Instantaneous, mean and RMS of the intensity fluctuations from left to right for cases 1, 
2 and 3 (Table 5-1), respectively, captured from the side view in the first row and from the front view 





Figure 5-12. Instantaneous, mean and RMS of the intensity fluctuations from left to right for cases 4, 
5 and 6 (Table 5-1), respectively, captured from the side view in the first row and from the front view 
in the second. 
 
 
Figure 5-13. Instantaneous, mean and RMS of the intensity fluctuations from left to right for cases 7, 
8 and 9 (Table 5-1), respectively, captured from the side view in the first row and from thr front view 





Figure 5-14. Instantaneous, mean and RMS of the intensity fluctuations from left to right for cases 10, 
11 and 12 (Table 5-1), respectively, captured from the side view in the first row and from the front 
view in the second. 
 
 
Figure 5-15. Instantaneous, mean and RMS of the intensity fluctuations from left to right for cases 13, 
14 and 15 (Table 5-1), respectively, captured from the side view in the first row and from the front 
view in the second. 
 
The angle of the part of the jet observed from the front view was also studied to discover how it 
behaves through the different flow conditions and what its relation with the break-up characteristics 
is. As described earlier, two spray angles were measured; the first as the angle between two straight 
lines fitted onto the spray boundaries at a specified vertical distance of the order of 0.3 mm, measured 
from the top part of the spray on the fixed centreline, and the second as the angle between two straight 
lines fitted onto the jet boundaries at the same distance downstream the ending point of the fitted lines 
of the first angle (Figure 5-5). The angles and the fittings in each instantaneous image are identified 




For the purpose of this study, the part of the jet captured from the front view can be considered as 
a spray, although it is just the lower part of the continuous jet just prior the break-up. The shape of 
this part of the jet is not exactly conical as that of common spray applications which makes the 
identification of its features and their study very challenging. In addition, its outline, as recorded by 
the camera, changes significantly within small distances, which might be caused by the highly 
unstable nature of this part of the jet due to the formed instabilities and/or by the light losses that 
occur to great extent at long distances from the nozzle and with deflected jets. For these reasons, the 
angles are extremely sensitive to the distance that was used to fit the boundaries of the jet. Therefore, 
the distance was chosen to be small enough. The rotating movement of the liquid jet around the liquid 
jet exit centreline is mainly responsible for the twist of the lower part of the jet in the z-axis which is 
vertical relative to the xy plane. 
Figure 5-16 shows how angle 1 varies with respect to MFR in the different flow conditions. The 
average value is nearly 100 degrees but it fluctuates from 70 to 110 degrees. This is due to the round 
shape of the jet which makes the linear fitting in the region near to the nozzle very confounding. In 
this case, the near nozzle region is considered to be the region where the upper part of the jet recorded 
from front view is. On the other hand, angle 2 fluctuates more when the MFR varies (Figure 5-17). In 
this case the mean values can vary from 25 to 85 degrees, if the standard deviation of the data is 
considered. 
An attempt to link the break-up length and the spray angle is presented in the following figures. 
For the cases 5-7 (MFR=8.1, 7 and 6.2 respectively), where both cross-stream and streamwise 
characteristics decrease, mean angles 1 and mean angles 2 increase to a small extent, which suggests 
that they are inversely proportional to the break-up characteristics at some level. On the other hand, 
for cases 8-10 (MFR=4.9, 4 and 3.3 respectively) and the last 4 cases (MFR=8.9, 7.4, 6.2 and 5.3 
respectively), it is observed that as the break-up length decreases both mean angle 1 and mean angle 2 
slightly decrease too, which suggests that they are proportional to them. By considering these 
observations, no safe conclusions can be extracted regarding the relation between the angle of the 
spray and the cross-stream and streamwise break-up characteristics. However, in general, it is 
observed that the trend of angle 2 increases when the MFR increases, which suggests that it is 
proportional to the break-up length, which also increases when MFR increases. This shows that angle 
2 is more affected by the variation of the break-up length in contrast to angle 1, which seems to be 
more stable and not affected significantly by the change of MFR. These observations indicate once 
more that the dependence of the spray characteristics on MFR is not unique. As discussed earlier, the 
break-up is also influenced by other parameters, such as Re and We numbers. 
Figure 5-18 and Figure 5-19 show the inclination of mean angles 1 and 2, respectively. The 
inclination is calculated as the difference between the left angle, which is the angle formed by the 
fitted line on the left boundary of the spray and the fixed centreline, and the right angle, which is the 
angle formed by the fitted line on the right boundary of the spray and the centreline. If the spray is 
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inclined on the left, which means that the left angle is larger than the corresponding right, then the 
angle of inclination is considered to be negative, while the opposite means that the angle is positive. If 
the first 5 cases (MFR=3.3, 4.6, 6, 6.5 and 8.1 respectively) are not considered, because of their high 
uncertainties, the remaining mean angles of inclination 1 and 2 have values very close to zero with a 
variation between -20 and +20 degrees in most of the cases, which shows that even if the spray is 
rotated through the sequence of the instantaneous images with an inclination either to the left or to the 
right, the mean distribution of the liquid flow remains symmetrical in relation to the fixed vertical 
centreline. This is also verified by the sequence of the mean images illustrated in the Figure 5-11 to 
Figure 5-15, despite the fact that the instantaneous images may incline on one or the other side. This 
is to be expected, since the liquid jet is symmetrical to the liquid jet exit centreline and the gas flow 
does not include any swirling motion. 
 
Figure 5-16. Mean near the nozzle spray angle (angle 1) for different values of liquid to gas MFR. 











































Figure 5-17. Mean further downstream spray angle (angle 2) for different values of liquid to gas 
MFR. 
 
Figure 5-18. Mean spray angle 1 inclination for different values of liquid to gas MFR. 




























































































Figure 5-19. Mean spray angle 2 inclination for different values of liquid to gas MFR. 
 
Dual optical connectivity allowed the simultaneous study of cross-stream and streamwise 
features of a liquid jet exposed to a cross-flow gas stream and led to the extraction of their relation. It 
also revealed the motion of the liquid jet in all 3 dimensions when liquid to gas MFR varies, which is 
caused by the instabilities produced by the cross-flow gas stream. The multifaceted morphology of the 
liquid jet and the variations in all the dimensions illustrated its complexity and asymmetry, in contrast 
to the coaxial liquid jet which is symmetric with a simpler geometry and can be studied on a two 
dimensional plane. For aforementioned reason, more parameters are needed to describe the liquid jet 
and its positioning in the annular gap of the cross-flow atomiser. The fluorescent intensity images 
displayed the jet morphology at different distances from the jet exit, which is mainly determined by 
waves developed on the surface of the liquid column. The study of the surface waves and the way 
they develop along the liquid jet may perhaps lead to a better understanding of the break-up 
mechanism. The break-up mechanism in cross-flow applications differs significantly from that of 
straight jets. A liquid sheet break-up was observed, which led to the splitting of the liquid column. 
The liquid sheet is, then, disintegrated into droplets. Due to the more complex mechanism, further 
study is required to associate the disturbances with the break-up occurrence. In addition, the break-up 
determines the downstream atomisation products and the sizes of the formed droplets. 
  


















































5.3. Comparisons between preliminary measurements performed in the cross-flow 
atomiser and the results from experimental investigations found in the literature 
The cross-flow atomiser was designed after studying and considering some correlations found in 
the literature. These correlations were applied to other experimental and numerical cross-flow 
investigations. More details about these correlations can be found in Chapter 1.5.2. Once the cross-
flow atomiser was assembled, it was tested to verify whether the experimental results match the ones 
presented in these investigations. The design of the cross-flow atomiser is novel as all the previous 
cross-flow experimental investigations found in the literature took place in wind tunnels. The 
proposed design involves the perpendicular discharging of the liquid jet in an axisymmetric annular 
gas flow, as it usually occurs in an atomiser. The fact that the present investigation is the first in a 
cross-flow atomiser makes the comparisons between the experimental results produced by it and those 
that can be found in the literature very interesting. In order to perform such comparisons, the 
measured break-up length characteristics and the droplet sizes in different flow conditions are 
compared to the results extracted from existing correlations. The measurements from different 
geometries are expected to differ as the cross-flow gas stream in a wind tunnel, for example, travels 
over a larger distance through segments that are specifically designed to improve the development of 
the boundary layer. Furthermore, there are no restrictions as it happens in the cross-flow atomiser 
where the chosen air and liquid velocities are a compromise between introducing sufficient deflection 
on the liquid jet to avoid its impingement on the quartz tube wall and preventing its filming along the 
length of the liquid delivery tube at the same time. It is expected that the characteristics of the jet will 
be altered in a bounded small space but the objective is to determine if the correlations in the literature 
can be applied to some extent to this geometry. For that purpose, optical connectivity and ILIDS were 
used to record the continuous liquid jet and downstream droplet sizes, as described in Chapters 2.6 
and 2.7 respectively. The applied flow conditions are summarised in the following table. The sample 
of images was 2000 for each condition and each technique. 
 




















1 0.15 3.2 2400 37 2800 23 6.2 
2 0.15 3.2 2600 40 2800 26 5.3 
3 0.15 3.2 2800 43 2800 31 4.5 




5.3.1. Liquid jet trajectory 
A correlation between the liquid jet trajectories exposed in gaseous cross-flows and the liquid to 
gas Momentum Flux Ratios was established by Wu et al. [74]. The correlation is based on a force 










]0.5           (Equation 5-2) 




x2    (Equation 5-3) 
where y is the streamwise direction and 𝑥 the cross-stream direction, 𝑑𝑗 is the round jet exit diameter 





where 𝜌𝑗 standing for the liquid density, for water 𝜌𝑤 = 999  Kg m
3⁄ , 𝜌𝐺 is the gas density, for air 
𝜌𝑎𝑖𝑟 = 1.215  Kg m
3⁄ , 𝑈𝑗 is the liquid jet velocity at the nozzle, 𝑈∞ (or 𝑈𝐺) is the cross-flow gas 
stream velocity and 𝐶𝐷 is the drag coefficient. To apply this equation it is assumed that the flow is in 
the shear break-up regime, there is a conservation of Momentum and the drag coefficient remains 
constant based on the jet exit diameter for the shear break-up. In such case 𝐶𝐷 = 3. 
In [74] it was concluded that the aerodynamic forces acting on a droplet and those acting on a 
liquid column have similar effects. Lee et al. [40] also considered the jet trajectories of round liquid 
jets subjected to uniform gaseous cross-flow streams by performing experimental investigations in 
various flow conditions. The experimental measurements came agreed at a good extent with the 
theoretical predictions provided by Equation 5-2 and with the earlier results of Sallam et al. [42] that 
concerned the study of non-turbulent round liquid jets in the shear break-up regime. 
Instantaneous liquid jet trajectories were calculated by processing the experimental results 
acquired with optical connectivity, as described in Chapter 5.2.2. The mean polynomial curve was 
calculated by averaging the instantaneous polynomial curves of each sample. The empirical jet 
trajectories for the described flow condition cases in cross-flow atomiser are given by the following 
equations: 
y = 119.6x2 − 1.3x + 7.1     (Case 1)   (Equation 5-4) 
y = 84.5x2 − 1.3x + 319.7   (Case 2)         (Equation 5-5) 
y = 129.9x2 − 0.14x + 65.6 (Case 3)         (Equation 5-6) 
y = 71.8x2 − 1.1x + 281.5   (Case 4)         (Equation 5-7) 
where y and 𝑥 are the streamwise and cross-stream distances respectively in millimetres. 
The following figures (Figure 5-20 to Figure 5-23) demonstrate both the experimental mean 
liquid jet trajectory, as calculated by averaging the trajectories of the instantaneous images acquired 
with optical connectivity, and the theoretical trajectory calculated using the correlation given by Wu 
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et al. [74] for the flow condition cases described in Table 5-2. It is observed that the calculated jet 
trajectory from experiments travels at longer cross-stream (x) distance and has a smaller curvature in 
comparison to the correlation given by Wu et al. In spite of this, the results seem to come to an 
acceptable agreement for all the considered flow conditions. The difference between the compared 
curves can be attributed to the fact that the geometry of the cross-flow atomiser used in the present 
investigation differs significantly from the ones used in [40] and [74]. In the cross-flow atomiser, the 
liquid jet exits the nozzle horizontally in a narrow space of 15mm, while in [40] and [74], the jet 
emanates vertically into the test section of a wind tunnel. In addition, the proposed correlation by Wu 
et al. assumes that the flow is in the shear break-up regime and that the drag coefficient remains 
constant and same as the one calculated at the liquid jet exit. Furthermore, this correlation takes into 
account only the Momentum Flux Ratio (MFR) and it neglects other dimensionless numbers that have 
significant effect on atomisation process, such as Reynolds and Weber numbers. The smaller 
inclination of the experimental curve causes the limitations in the flow conditions described earlier. 
The correlation suggested by Wu et al. was used during the design of the cross-flow atomiser to 
estimate the liquid jet trajectory for different liquid and gas velocities and calculate the required width 
of the annular gap, which is a compromise between the gas velocity and the attempt to avoid any 
impingement of the jet on the opposite wall. Nevertheless, the dissimilarity in the geometry was 
considered by including a safety factor. In most cases, it may be concluded that the experimental 





Figure 5-20. Comparison of the liquid jet trajectory extracted from experiments in the cross-flow 
atomiser with the correlation proposed by Wu et al. [74] for flow condition case 1 (MFR=6.2). 
 
 
Figure 5-21. Comparison of the liquid jet trajectory extracted from experiments in the cross-flow 































Experimental mean liquid jet trajectory

































Experimental mean liquid jet trajectory




Figure 5-22. Comparison of the liquid jet trajectory extracted from experiments in the cross-flow 
atomiser with the correlation proposed by Wu et al. [74] for flow condition case 3 (MFR=4.5). 
 
 
Figure 5-23. Comparison of the liquid jet trajectory extracted from experiments in the cross-flow 


































Experimental mean liquid jet trajectory































Experimental mean liquid jet trajectory
Liquid jet trajectory given by Lee et al.
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5.3.2. Break-up time (𝒕𝒃) 
Ranger et al. [75] established a correlation for the estimation of the break-up time for various 
Weber numbers, which is given by: 






    (Equation 5-8) 
For flow condition case 1, this equation gives tbRanger,1 = 3.9 ms, for case 2 (MFR=5.3), 
tbRanger,2 = 3.6 ms, for case 3 tbRanger,3 = 3.3 ms and for case 4 (MFR=6.1) tbRanger,4 = 3.2 ms, 
which is the break-up time required for the liquid jet to begin to disintegrate into droplets. Sallam et 
al. [42] found a value for tb t






, as follows: 






    (Equation 5-9) 
which gives tbSallam,1 = 2 ms, tbSallam,2 = 1.8 ms, tbSallam,3 = 1.7  ms and tbSallam,4 = 1.6 ms for 
the experimental results of cases 1-4 respectively. In the above correlations it is assumed that the 
velocity of the liquid jet in the direction of liquid injection is equal to the jet exit velocity and remains 
constant up to the break-up point. 
The break-up time can also be calculated using the experimental results from the ratio of the 
break-up length and the jet velocity at the exit, which is also based on the same assumption that the jet 
velocity remains constant until the liquid column disintegrates into droplets. 
tbexp. = xb̅̅ ̅ Uj⁄            (Equation 5-10) 
where 𝑥𝑏̅̅ ̅ is the average cross-stream break-up length of the sample of images in a given flow 
condition case and 𝑈𝑗  is the jet exit velocity and the velocity of the liquid jet column. As described 
earlier in Chapter 5.2.2, the cross-stream break-up length is measured in pixels and then converted 
into SI units, since the length of each pixel is known. For flow condition case 1 tbexp.,1 = 1.6 −
1.7 ms, for case 2 tbexp.,2 = 1.5 − 1.6 ms, for case 3 tbexp.,3 = 1.3 − 1.4 ms and for case 4 tbexp.,4 =
1.4 − 1.5 ms, which demonstrates a great agreement (higher than 80%) with the correlation of Sallam 
et al. [42] and it is approximately half of the correlation of Ranger et al. [75]. 
 
5.3.3. Cross-stream (x) break-up length 
Lee et al. [40] also found that the break-up length in the cross-stream direction can be given by: 
xb = Cxb × dj             (Equation 5-11) 
where 𝐶𝑥𝑏 is an empirical constant associated with the cross-stream penetration of the liquid jet and 
has a magnitude of the order of unity, specifically Cxb = 5.20 for turbulent liquid jets and Cxb = 8.64 
for non-turbulent liquid jets in gaseous cross-flows, and 𝑑𝑗 is the diameter of the liquid jet exit. 
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Concerning the cross-flow atomiser, which has dj = 1 mm, the above equation gives xbturb =
0.0052 m for turbulent liquid jets and xbnon−turb = 0.0086 m for non-turbulent jets. 
Sallam et al. [42] and Wu et al. [74] derived the following correlation for the cross-stream break-
up length: 
xb = 8.0dj         (Equation 5-12) 
where 𝑑𝑗 is the diameter of the liquid jet exit and gives xb = 0.008 m for the application of the 
described cross-flow atomiser. 
According to the experimental results, the mean cross-stream break-up length lies between 
0.0045 and 0.0056 m, which agrees to a satisfactory extent with the correlation for turbulent liquid 
jets, which may indicate that the liquid jet produced by the described cross-flow atomiser is turbulent. 
Turbulent flows result, as expected, in a shorter break-up length, leading to the formation of finer 
sprays. Apparently, the short length of the gas delivery tube of the atomiser, in comparison to the 
available length in wind tunnels applications, does not allow the production of laminar gas flow, 
although the surface of the inner walls is machined to be as smooth as possible. 
 
5.3.4. Downstream droplet sizes 
Lee et al. [40] had an excellent agreement between their results of the downstream droplet sizes 
and those given by Wu et al. [76]. They concluded with the following combined correlation between 
the Sauter Mean Diameter (SMD), the streamwise distance from the nozzle and the Weber number 
based on the jet exit radial (cross-stream) integral length scale (WeLΛ = ρLΛUj





0.5      (Equation 5-13) 
where 𝛬 is the radial integral length scale and it is approximately the 1/10th of the diameter of the 
width of the spray at the streamwise distance (y) where the measurements are performed, 𝑈𝑗 is the 
liquid jet velocity of the injection and σ the surface tension between the two working fluids (σ =
0.0728 N/m for water in contact with air). The ILIDS measurements in the cross-flow atomiser were 
obtained at a streamwise distance y = 0.055 m and the width of the spray was measured to be 
approximately 0.1 m. This gives Λ = 0.01 m, thus WeLΛ = ρLΛUj
2 σ⁄ = 1.4 × 103 and SMD =
2145 μm for flow condition case 1, while the average SMD from experiments ranges between 
60 and 65 μm. It seems that this correlation can be applied only to subsonic cross-flows as it does not 
take into account the gaseous cross-flow stream velocity, which is high enough in the cross-flow 




5.4. Analysis of the optical connectivity measurements using Proper Orthogonal 
Decomposition (POD) 
A jet in a gaseous cross-flow stream is characterized by the existence of several parameters that 
may well determine the disruption of the liquid column into droplets. In two-phase flows where the 
gas has a considerably higher velocity than the liquid, such as the case of the cross-flow atomisation, a 
significant transfer of momentum between the two phases takes place, which is not straightforward to 
define. Several features, such as the density, the temperature and the pressure of the two working 
fluids and the surface tension between them, make a two-phase fluid problem nonlinear and 
challenging at the same time. The break-up of the liquid jet in a cross-flow gas stream is an example 
that belongs to this category and in order to understand and explain it, the liquid jet structure needs to 
be analysed into many different flow structure components and the contribution of each individual to 
be evaluated. An achievement like this could lead to the study of the momentum transfer between the 
two phases and to a better understanding of the physics that is involved in the liquid jet deformation 
mechanism. 
A suitable mathematical methodology that can be used to extract the large scale structures in a 
turbulent flow is Proper Orthogonal Decomposition. Because of the limited numerical capabilities, the 
method of snapshots, which is described in Chapter 2.9.2, will be used in the present application. 
Specifically, it will be applied to the fluorescent intensity images captured from both side and front 
view with the objective to extract the orthogonal modes which will show the variations and their 
magnitude that occur within the liquid jet structure. POD was applied to the samples of instantaneous 
optical connectivity images for the flow condition cases 1, 5, 8, 10, 11, 13 and 15 shown in Table 5-1. 
A sample of 500 instantaneous images was used for each of the cases 1, 5, 8, 10, 11, 13 and for each 
of the two recording viewpoints, namely the side and front view that were described in the previous 
section. For case 15, POD was applied to a sample of 2000 images for each view angle to obtain more 
comprehensive information because the travelling waves were more visible in this situation due to 
finer atomisation. As explained earlier, the travelling waves might be directly linked to the formed 
instabilities that lead to the gradual liquid jet surface stripping and finally to the break-up. 
For each case, a number of eigenvalues (𝜆𝑛) and eigenvectors (𝑥𝑛) equal to the sample number 
was obtained, which corresponds to the same number of eigen-modes (𝜑𝑛). After the eigenvalues 
were sorted in an ascending order, the individual energy contribution of each mode was calculated as 
the percentage of the corresponding eigenvalue of the total energy contained in the ensemble of 
modes. The cumulative distribution of the eigenvalues that correspond to the 50 most energetic modes 
for the side view, after the mean flow was subtracted, can be seen in Figure 5-24, while the same plot 
for the front view fluorescent intensity imaging can be seen in Figure 5-25. The first eigen-mode 
contains between 12 and 19% of the total energy for the different cases and the side view imaging, 
while the corresponding energy for the front view imaging varies approximately from 6 to 20%. The 
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first mode of case 11 in both side and front view contains the lowest energy while case 8 contains the 
highest energy. The first 50 modes carry between 69 and 78% of the total energy for the different 
cases and the side view, with case 1 having the lowest contribution and case 8 the highest, while the 
corresponding energy is between 64 and 82% for the front view imaging, with case 5 having the 
lowest contribution and case 10 the highest. These percentages indicate the total magnitude of 
fluctuations captured by the corresponding number of modes. The contribution of the most energetic 
modes is relatively low, indicating that probably the flow structure captured is complex and contains 
several ranges of flow scales. Therefore, a large number of modes is required to describe adequately 
the flow observations. The cumulative distribution of the front view imaging shows that the most 
energetic modes capture less energy in comparison to the corresponding modes of the side view, 
illustrating that the dynamics of the flow in the lower part of the jet are more complicated. In other 
POD applications it can be seen that usually the contribution of the most energetic modes is higher 
and a smaller number of modes is required to describe the same percentage of energy. For instance, 
when POD is applied to the injected spray in a spark-plug engine [77], the 95% of the total energy is 
contained within the 5 most energetic modes, while in another jet in a cross-flow application [55]; 
approximately 100 modes are needed to describe the 90% of the total energy. In this study, the first 10 
and 180 modes approximately are required to represent 50 and 90% respectively, denoting the 
significant decrease in the contribution of the higher modes. For higher Reynolds and Weber numbers 
it is also expected that the dynamics of the flow will become even more complex and will require 
more modes to reach the expected accuracy during the reconstruction process. In addition, as the 
liquid column becomes longer, which results in the increase of the liquid to gas Momentum Flux 
Ratio, the required number of modes is expected to increase too, due to the larger scale features that 
may be found in the liquid jet structure. Arienti and Soteriou [55] also demonstrated that the required 
number of modes grows with increasing Re and/or We numbers and by applying turbulent injection 
conditions. Figure 5-26 shows how the overall contribution of the 5 first modes varies with liquid to 
gas MFR. The straight line shown in the figure is a linear fitting, which demonstrates that there is a 
negative trend, verifying that as the liquid to gas MFR increases the energy contained within the first 




Figure 5-24. Cumulative energy contribution of the first 50 eigenvalues that correspond to the most 
energetic orthogonal modes for the side view optical connectivity imaging (flow condition cases 1, 5, 
8, 10, 11, 13, 15). 


















































Figure 5-25. Cumulative energy contribution of the first 50 eigenvalues that correspond to the most 
energetic orthogonal modes for the front view optical connectivity imaging (flow condition cases 1, 5, 
8, 10, 11, 13, 15). 


















































Figure 5-26. Energy contribution of the 5 most energetic modes for different values of liquid to gas 
MFR. 
 
Figure 5-27 shows the transition from broad scale to fine scale features through a range of modes 
collected by decomposing the fluorescing liquid jet, as recorded from the side view for the flow 
condition case 15 shown in Table 5-1. The contribution of each mode as a percentage of the total 
energy can also be seen. Red and blue colours represent positive and negative intensity deviations 
from the mean image respectively, while the scale of the contour of each mode is shown in the left 
bottom corner. On this occasion the contour scale varies through the different modes because 
otherwise it would not be possible to observe the features of the higher modes. The magnitude of the 
variations and the detected spatial features, demonstrate the significance of each mode. It is illustrated 
that the most energetic modes are dominated by spatially wide features that signify the interface 
dynamics of the jet, which are determined by the properties of the two working fluids and their 
velocities (or Reynolds and Weber numbers). On the other hand, the higher modes transmit less 
information and their contribution decreases in an exponential way. By increasing the mode number 
the captured features become finer. Nonetheless, they are not completely random. On the contrary, 
their features are combinations of the features observed in the most energetic modes. 


























































Figure 5-27. Modes 1, 10, 100 and 1000 of the side view optical connectivity (case 15) and the 
corresponding energy contribution associated with the fluctuations of pixel intensity values. 
 
The first mode of each case from the side view, shown in Figure 5-28 on the same scale captures 
the flapping motion of the liquid jet from the mean that was also observed in Chapter 5.2.3, where the 
RMS of the intensity fluctuations images revealed the fluctuation of the inclined part of the liquid jet 
around its centreline. The positive and negative values indicate that the jet can move in one direction 
at a specific instance and in the opposite afterwards, illustrating the anti-symmetric motion around the 
jet centreline, which is also distinguishable, when the footage of snapshots is examined. By revealing 
the range of the deviation from the mean flow, these modes also expose the variation of the cross-
stream distance that the jet travels as well as the curved break-up length within the instantaneous 
snapshots. 
A flapping feature also dominates in the front view imaging in some cases, while in cases 10 and 
11 it is not even captured. The modes presented in Figure 5-29 show the twisting motion of the liquid 
jet around its axis. This rotating motion of the jet is responsible for the existence of the bifurcation or 
splitting of the jet. This is observed in side view imaging in some occasions only, while in the rest of 
the cases where the jet does not rotate, this feature is not visible from the side view. In case 1 a longer 
liquid column is produced. Therefore, the rotating motion of the jet becomes visible at a lower 
distance in comparison to the other cases, where it is observed upstream at small streamwise distances 
from the injecting nozzle. Mode 1 of cases 1 and 5 also captures the circumferential part, which 
supports the liquid sheet region that contains less liquid and captures less light, while in the rest of the 
cases it is not visible. This is also verified when examining the footage of the snapshots. In cases 13 
and 15 the rotating feature is captured by Modes 6 and 3 respectively, while the first modes on these 
occasions are dominated by surface waves, which will be analysed afterwards. In a way this verifies 






Figure 5-28. Mode 1 of cases 1, 5, 8, 10, 11, 13 and 15 on the same scale of absolute pixel intensity 
values, showing the flapping motion of the liquid jet observed from side view. 
 
 
Figure 5-29. The twisting motion of the liquid jet around its axis observed from the front view in 






Figure 5-30 shows the first 4 modes extracted from side view optical connectivity imaging for 
case 15. The contours are normalised on the same scale of absolute pixel intensity values. Because of 
this the first mode is saturated, while the intensity of the fourth is low. This will allow the observation 
of the intensity of deviations from the mean image and the direct comparisons between the four 
modes. 
The flapping motion captured in the first mode begins at 1.5 orifice diameter downstream the 
liquid jet exit, which has a diameter of 1mm in this application. The flapping motion gradually 
develops along the curved length of the jet and escalates at the tip, where the break-up occurs. This 
demonstrates its physical significance in the atomisation process. The part of the jet from the jet exit 
to the point where the positive and negative deviations begin is the main part, which is not 
considerably affected by the cross-flow gas stream so it remains relatively stable. The same part of the 
jet can also be observed in Mode 2, which accounts for about 8% of the total amount of the image 
intensity variability. Right after the constant part, the bifurcation of the jet, which is illustrated clearly 
in the second mode, begins. This demonstrates the part of the jet, where there is a significantly less 
quantity of liquid, causing in this way, the light losses observed in this specific part, which was also 
discussed earlier. The negative variation shown in Mode 2 indicates that the bifurcation is not always 
observed in the side view imaging. As explained earlier, it seems that this phenomenon takes place in 
the liquid jet structure all the time but it is only observed from the side view when the jet is twisted. 
Therefore, Mode 2 shows this twisting motion. The positive variations shown in the same mode 
represent the luminous circumferential parts that support the thin liquid layer and can be better 
observed from the front view. Modes 3 and 4, which capture 5.7 and 4.2% of the total energy 
respectively, demonstrate an identical feature. However, the two modes are out of phase with each 
other. They illustrate the fluctuation that occurs just upstream the break-up position but the fact that 
they are out of phase may point again to the twisting of the jet. Mode 3 indicates that when the 
splitting of the liquid column is visible, which leads to capturing the liquid sheet region, the 
circumferential part at the tip of the jet can be observed. In the opposite case, shown in Mode 4, only 
the side of the jet is visible and the tip of the inner part is not observable. This is expected, as the 
illuminated circumferential part on the inner side near the tip can only be observed from the side 
view, when the jet is rotated. In the opposite case, it remains hidden behind the side part of the jet and 
it is not visible from this angle. Figure 5-31 provides an example of this circumstance. In 
instantaneous image (a) the twisting of the jet makes the bifurcation and the circumferential part on 





Figure 5-30. Modes 1-4 of side view optical connectivity (case 15) on the same scale of absolute 
pixel intensity values. 
 
 
Figure 5-31. The phenomenon of jet bifurcation which is observed from the side view only in some 
cases, such as in instantaneous image (a). In image (b) the jet is not twisted and this part of the jet 
remains hidden behind the main part. 
 
Figure 5-32 shows Modes 5 to 8 for the side view optical connectivity of case 15. Modes 5 and 6 
capture approximately the same energy, 3.5 and 3.2% of total energy respectively, and demonstrate a 
smaller scale feature than the flapping motion that was captured by the most energetic modes. 
Specifically, they revealed a set of travelling waves that are formed at a distance of approximately 4 
and 4.5 orifice diameters respectively in the cross-stream direction and 1.5 orifice diameters in the 
streamwise direction. The resolution of the images used in the present investigation is 450x450 pixels 
and the size of each pixel is 300 μm. Therefore, by counting the pixel distance between the appeared 
waves, their wavelength can be found. In this case, the uncertainty will be of the order of ±150 μm. 
The waves observed in both Modes 5 and 6 are uniformly spaced with a wavelength equal to 
1300±150 μm (uncertainty 8.7%). The two modes are out of phase with each other by a quarter 
wavelength, like sine and cosine functions when plotted along the liquid jet. Modes 7 and above 
appear as combinations of the previous modes, as can be seen in Figure 5-32. For example, Mode 7 
presents a combination of both the flapping motion and the same travelling waves described earlier. 
The higher modes also appear as higher order harmonics with finer features and do not provide any 







Figure 5-32. Modes 5-8 of the side view optical connectivity (case 15) on the same scale of absolute 
pixel intensity values. 
 
The orthogonal Modes 1-3 derived from the decomposition of the front view images for the flow 
condition case 15 can be seen in Figure 5-33. Modes 1 and 2 captured a set of travelling waves with 
an identical wavelength, equal to 1150±150 μm (uncertainty 7.7%). The waves appear to be weak at 
first, at approximately 1.5 orifice diameters downstream the injection point in the streamwise 
direction, while they grow rapidly later. The two modes are again out of phase with each other by a 
quarter wavelength, like the set of waves observed from the side view before. The two sets of waves 
observed from the side (Modes 5 and 6) and front view (Modes 1 and 2) seem to be the same waves 
that travel along the surface of the curved liquid jet. Since they are captured at the same streamwise 
distance from the nozzle in both side and front views, their wavelength is measured to be similar. In 
both cases there is also the same phase difference of 90˚. The small difference in the measured 
wavelengths falls within the uncertainty range. Furthermore, the waves captured from the side view 
imaging, especially those in Mode 5, appear to be weak at first and they grow afterwards, just like the 
ones observed from the front view. Mode 3 of the front view optical connectivity shows the rotating 
motion of the liquid jet around its axis, as described earlier. 
Modes 4, 5 and 6 derived from the decomposition of the front view imaging (Figure 5-34) show 
another set of waves with a wavelength equal to 750±150 μm (uncertainty 20%). Each of these 3 
modes appears to be once again out of phase with the adjacent mode by a quarter wavelength. The 
amplitude of these waves seems to be small at the beginning and become bigger later, while in Modes 
4 and 6 the negative variations are not as visible as the positive ones. This may be caused by the fact 
that the region where they develop consists of a very thin liquid layer that captures minimal light, 
resulting in the observation of the positive peaks only. The higher modes appear as combinations of 
the previous modes or as higher order harmonics with finer features and do not provide any 






Figure 5-33. Modes 1-3 of the front view optical connectivity (case 15) on the same scale. 
 
 
Figure 5-34. Modes 4-6 of the front view optical connectivity (case 15) on the same scale. 
 
Cases 1 and 5 did not reveal any kind of waves but similar features were also identified in the 
rest of the flow condition cases, on smaller scales in comparison to the ones found in case 15. Figure 
5-35 displays Mode 3 of case 8 that captures 5.1% of the total energy and shows a possible surface 
wave with a wavelength of 750±150 μm (uncertainty 20%). The side view imaging analysis of the 
same case did not reveal any features that can be related to this and no adjacent mode with a phase 
difference was found. Therefore, it cannot be verified if this feature is actually a surface wave. 
Moreover, it appears to be weak, especially if it is compared to the waves found in case 15. The scale 
in this occasion is considerably smaller since it was adjusted to allow the observation of this feature, 
so its amplitude appears to be radically smaller when compared to the waves described earlier. A set 
of travelling waves with a phase difference of the order of a quarter wavelength was found when 
examining Modes 3 and 4 of the side view imaging of case 10 (Figure 5-36). These waves have a 
wavelength equal to 1600±150 μm (uncertainty 10.7%) and their first peak appears at approximately 
1.5 orifice diameter downstream the injection point in the cross-stream direction. The same waves 
were also found in Mode 5 of the front view imaging which captures approximately the same energy 
as the two modes of the side view and is shown on the same scale in Figure 5-36 as well. For case 11, 
Modes 6 and 7 of the side view imaging demonstrate a set of travelling waves with a wavelength 
again equal to 1600±150 μm (uncertainty 10.7%) (Figure 5-37), while Modes 1 and 2 (Figure 5-38) of 
the front view imaging of the same flow condition show a different set of waves with approximately 





again out of phase with each other by a quarter wavelength and the first peak is observed at around 
3.5 and 2 orifice diameters in the cross-stream and streamwise directions respectively. Another set of 
travelling waves with a wavelength equal to 1450±150 μm (uncertainty 10.3%) was captured by 
Modes 5, 6 and 7 of case 13 side view (Figure 5-39). In this case, the waves develop from Mode 7 to 
Mode 5 since the waves found in Mode 6 and 5 are displaced by a quarter of a wavelength along the 
liquid column in comparison to Modes 7 and 6 respectively. The same set of travelling waves was 
also identified in the front view imaging by Modes 1 and 2 (Figure 5-40), with Mode 1 being 
displaced by a quarter wavelength in the streamwise direction in comparison to Mode 2, i.e. in the 
same way that was detected earlier. Similar travelling waves were also detected in [55] when studying 
specific pairs of orthogonal modes, even though high-speed photography was used in this study. 
 
 
Figure 5-35. Mode 3 of case 8 front view imaging. 
 
 
Figure 5-36. First row shows Modes 3 and 4 of the side view imaging and second row Mode 5 of 






Figure 5-37. Modes 6 and 7 of side view imaging (case 11). 
 
 
Figure 5-38. Modes 1 and 2 of front view imaging (case 11). 
 
 
Figure 5-39. Modes 5, 6 and 7 of side view imaging (case 13). 
 
 







5.5. Correlations between the instantaneous break-up length of liquid jets and 
downstream spray characteristics 
5.5.1. Introduction 
Optical connectivity can provide valuable information on the jet structure and break-up length of 
a continuous liquid column, whereas the Interferometric Laser Imaging Droplet Sizing (ILIDS) can 
obtain simultaneous planar measurements of individual droplet velocity and size, especially in sparse 
sprays [17-19]. The principle of ILIDS, which was explained in detail in Chapter 2.7, is based on the 
scattering of light by individual droplets when the droplets are illuminated by a laser sheet. The 
interference between reflected and refracted light from each droplet is observed as a fringe pattern, 
whose fringe spacing is related to droplet diameter. In this way the size and position of the droplets 
can be measured in a small planar region. 
Optical connectivity and ILIDS are used simultaneously to measure the instantaneous break-up 
length of the liquid jet and the downstream droplet sizing in a cross-flow air-blast atomiser. The 
ILIDS measurements are obtained with a time delay (dt) after the side view optical connectivity 
measurements so that the droplets that are formed in a break-up event can be transported into the 
ILIDS measuring region downstream, as described in Chapter 2.8. The intention is to calculate the 
correlation coefficients between the break-up length and droplet sizes in cross-flow atomisation and 
derive a predictive relationship between the liquid jet and the downstream spray characteristics. The 
simultaneous implementation of the two techniques can provide essential information about the 
influence of the primary atomisation process on the produced droplets and spray formation, the study 
of which can lead to the reduction of pollutant emissions and higher efficiency during the combustion 
process in gas turbine engines and other applications. 
Due to high uncertainties, the direct correlation of the instantaneous break-up length and the 
droplet size characteristics was not possible. Thus, a conditional correlation method was developed, 
which will be described later. Before attempting to correlate the upstream and downstream spray 
characteristics the optical connectivity and the ILIDS measurements were obtained separately for 3 
different flow conditions in order to evaluate the variance of the mean break-up length and the droplet 
number density, the typical instantaneous break-up length and the droplet size distributions and the 
radial (cross-stream) and axial (streamwise) velocities (𝑈𝑥 and 𝑈𝑦 respectively). The velocities of 
droplets obtained will be used in the estimation of the time delays (dt) between the two measuring 
techniques. 
 
5.5.2. Independent optical connectivity and double frame ILIDS measurements 
In order to gather important information on the spray features before implementing the combined 
measurements, the break-up length and sizing measurements were obtained separately for 3 different 
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flow conditions, which are shown in Table 5-3 along with the liquid Reynolds number (Re), the cross-
flow Weber number (We) and the Momentum Flux Ratio (MFR). The liquid Reynolds number for all 
of the 3 conditions is kept constant, while the cross-flow Weber number changes in order to observe 
how the instantaneous break-up length and the droplet size distribution change as the liquid to gas 
MFR decreases. For each flow condition and each technique 2000 images were recorded. The 
fluorescent intensity images were captured by using only the first pulse of the double pulse Nd: YAG 
laser, while in the droplet size measurements both laser pulses were used with a small time delay (10 
μs) between them to acquire a double frame of the fringe patterns for each capture. The latter 
arrangement will allow the calculation of both radial and axial velocities of the identified droplets, 
which are essential for the estimation of the time delays that will be applied later to the combined 
measurements. The double frame sizing measurements were performed at streamwise distance y=35 
mm from the nozzle jet exit. For both optical connectivity and double frame ILIDS, a 12-bit PCO 
CCD camera as described in Chapter 2 was used. 
 




















A 0.15 3.2 2400 37 2800 23 6.2 
B 0.15 3.2 2600 40 2800 26 5.3 
C 0.15 3.2 2800 43 2800 31 4.5 
 
The acquired instantaneous images from both optical connectivity and double frame ILIDS 
techniques were processed in the same way that was described earlier to extract the variables that 
describe the spray structure. Processing of fluorescent images provided information on the cross-
stream break-up length, curved break-up length (𝐿𝑏) and the trajectory of the centreline of the jet. 
Figure 5-41 shows how the mean curved break-up length (𝐿𝑏̅̅ ̅) varies in relation to the MFR. As 
expected, the curved break-up length increases linearly as the MFR increases, even though the 
uncertainties shown vary between 11.5 and 14% of the mean values. The error bars shown in the 





∑ (xi − x̅)2
Ν
ι=1           (Equation 5-14) 
where N is the sample number, which is 2000 for each case here. The same trend is observed when the 
mean cross-stream break-up length is plotted against MFR (Figure 5-42) as the two types of break-up 
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length are in excellent agreement. The mean values on this occasion vary between 4 and 6 mm, while 
the standard deviations are between 10 and 13% of the mean values. 
On the other hand, the fringe patterns processing, which is described in detail in Chapter 2.7.1, 
provides information about the droplet number density, the Arithmetic Mean Diameter (AMD), the 
Sauter Mean Diameter (SMD) and the droplet velocity. The signal to noise ratio (SNR) threshold on 
this occasion was set to be 10. Thus, only droplets with SNR>10 were validated among the identified 
droplets, whereas the rest of the droplets with a lower SNR were discarded. The plot of the validated 
mean number of droplets against liquid to gas MFR (Figure 5-43) for a streamwise distance equal to 
y=35 mm from the nozzle, shows that the number of identified droplets reduces as the liquid to gas 
MFR increases, which is anticipated as the break-up length increases and means that the liquid is 
distributed to larger size droplets. The validated mean number of droplets can vary approximately 
between 15 and 35 for MFR equal to 4.5, between 10 and 30 for MFR equal to 5.3 and between 8 and 
23 for MFR equal to 6.2. 
The average AMD seems to remain constant at around 44 μm as the liquid to gas MFR increases 
(Figure 5-44), while the mean values of SMD increase slightly from 78 to 83μm as the MFR increases 
(Figure 5-45). In both cases the uncertainties are very high so no safe conclusions for their variability 
with MFR can be extracted. The RMS of the fluctuations, for liquid to gas MFR equal to 4.5, is 23.1% 
for AMD and 28.9% for SMD from the corresponding mean values, while, for MFR equal to 5.3, is 
20.3% and 26.8%, and for MFR equal to 6.2, is 17% and 23.8% respectively. 
 
 
Figure 5-41. Variation of the mean curved break-up length (𝐿𝑏) with liquid to gas MFR. 































Figure 5-42. Variation of the mean cross-stream break-up length with liquid to gas MFR. 
 
 
Figure 5-43. Variation of the identified mean number of droplets (for SNR>10) with liquid to gas 
MFR for streamwise distance y=35 mm. 






























































Figure 5-44. Variation of 𝐴𝑀𝐷̅̅ ̅̅ ̅̅ ̅ (for SNR>10) with liquid to gas MFR for streamwise distance y=35 
mm. 
 
Figure 5-45. Variation of mean 𝑆𝑀𝐷̅̅ ̅̅ ̅̅  (for SNR>10) with liquid to gas MFR for streamwise distance 
y=35 mm. 













































The instantaneous curved break-up length distributions for the 3 flow condition cases on the 
same scale are shown in Figure 5-46. It can be seen that as the liquid to gas MFR decreases the 
distribution is displaced to the left side of the diagram, showing that the instantaneous break-up 
lengths become shorter. In addition, all the break-up length distributions follow a normal (or 
Gaussian) distribution with peaks at the corresponding mean values that are also displayed in Figure 
5-41. The droplet size distribution for case B (MFR=5.3) at streamwise distance y=35 mm from the 
nozzle is illustrated in Figure 5-47. The gap between 0 and 14 μm is observed because of the 
restrictions that apply during the fringe pattern processing which do not allow the identification of 
very small droplets. It can be seen that the highest droplet number density (around 8%) is detected for 
droplets with a size around 18 μm, while the percentage of the validated droplets with a size higher 
than 100 μm is very small. 50% of the total number of droplets has a size between 14 and 35 μm. 
 
 

























Figure 5-46. Instantaneous curved break-up length (𝐿𝑏) distributions for the 3 flow condition cases on 
the same scale. 













































Figure 5-47. Instantaneous droplet number density for case B (MFR=5.3) at streamwise distance 
y=35 mm from the nozzle (SNR>10). 
 
The main purpose of conducting the double frame ILIDS measurements is to calculate both the 
radial (or cross-stream, 𝑈𝑥) and axial (or streamwise, 𝑈𝑦) velocities of droplets. This will allow the 
calculation of the necessary time needed for the different droplet classes to travel downstream in the 
ILIDS measuring region. As defined earlier, the two frames are captured with a time delay equal to 
10μs, while the displacement of each identified droplet in the radial and axial directions can be found 
by locating each droplet in the first and second frames and calculating the pixel difference. The 
dimensions of the measuring window size are known (12x8 mm). Therefore, the pixel distance can 
then be converted into meters to allow the calculation of the velocity, which is the ratio of the 
displacement and the time difference. In Figure 5-48 and Figure 5-49 the radial (𝑈𝑥) and axial (𝑈𝑦) 
velocities of the droplets identified for case B (MFR=5.3) at streamwise distance y=35 mm from the 
nozzle, are plotted against the corresponding droplet diameters. It is shown that the majority of the 
droplets has either a zero or a small radial velocity and an axial velocity that varies between 25 and 40 
m/s. Nevertheless, there are a few small droplets with a size smaller than 60 μm that acquire a high 
radial velocity (up to 50 m/s, Figure 5-48). This might be caused by the fact that the ILIDS 
measurements are obtained outside the liquid nozzle of the cross-flow atomiser, which means that the 
gas flow is not confined anymore to the nozzle walls. In this way, the gas jet expands and the small 
droplets disperse. The sign of the radial velocities shown in Figure 5-48 is just an indication of the 




























direction of the displacement of the droplets in the cross-stream axis. When a droplet is displaced 
towards the left side of the cross-stream direction, the velocity is considered to be negative, while it is 
considered to be positive when a droplet moves towards the right side. This helps to observe how the 
droplets move in the ILIDS measuring region. It is clearly seen that the droplets are spread 
symmetrically around the spray centreline. This indicates that the gas flow has deflected the spray and 
its axis is parallel to the main gas flow direction when it arrives at the ILIDS measurement location. 
Therefore, it spreads out uniformly in the radial direction around its axis. 
In Figure 5-49, it is shown that there are a few small droplets, with a size usually between 14 and 
40 μm, that obtain an axial velocity up to 50 m/s which is greater than the applied gas velocity (40 
m/s), while droplets with a diameter larger than 100 μm have an axial velocity that varies between 15 
and 30 m/s, which is significantly less than the gas velocity. The former might be caused by the fact 
that the applied gas velocity has been modified by the presence of the liquid jet in the flow. The gas 
flow velocity downstream of the injection location of the liquid jet is modified and is not uniform 
anymore within the gas flow annulus. Therefore, there will be locations that the gas velocity will 
increase above or reduce below the mean value upstream of the liquid jet injection location. In 
addition, turbulence is increased due to the interaction between the liquid jet and the gas flow during 
the atomisation process (e.g. a gas flow wake may be present downstream of the liquid jet). Therefore, 
instantaneous larger and smaller velocities than the supplied mean gas velocity can be present in the 
spray. 
The gact that the large droplets have lower velocity can be explained by the fact that they cannot 
respond to the gas flow motion as well as the smaller droplets. The radial and axial droplet velocities 
for flow condition cases A and C are not presented here as their profiles are almost identical to those 





Figure 5-48. The radial (cross-stream) velocity component (𝑈𝑥) as a function of droplet diameter for 
case B (MFR=5.3). 
 
Figure 5-49. The axial (stream-wise) velocity component (𝑈𝑦) as a function of droplet diameter for 
case B (MFR=5.3). 



















































5.5.3. Combined optical connectivity and ILIDS measurements 
In order to measure the break-up length and the downstream droplet characteristics 
simultaneously, the first pulse is assigned to the optical connectivity measurements and the second to 
the ILIDS measurements, while the time difference between the two pulses can be specified. An 
attempt is made to specify the correlations between the break-up length and the downstream droplet 
characteristics for flow condition case B (MFR=5.3) shown in Table 5-3, while measurements in this 
flow condition are repeated for several time intervals, dt. Furthermore, the size measurements were 
performed at two different streamwise distances between the nozzle and the ILIDS region, more 
specifically at y=35 and 55 mm. For each case and each time interval, 2000 instantaneous images 
were acquired. The closer to the nozzle the droplet size measurements are performed, then the 
stronger the correlations between the break-up length and the downstream droplet sizes are expected 
to be. The distance y=35 mm from the nozzle is the minimum possible in this application, as the 
ILIDS laser sheet will interact with the the luminous jet if this distance becomes smaller. The time 
intervals used for y=35 mm are shown in Table 5-4, while Table 5-5 shows the corresponding 
quantities used for y=55 mm. The estimated time delay for the smallest droplets that adopt the 
velocity of the cross-flow gas stream (Equation 2-2) for y=35 mm and flow condition case B is 
dty=35 mm
∗ = 880 μs, while for y=55 mm is dty=55 mm
∗ = 1383μs. As it can be seen in Figure 5-49, 
the slowest droplets have an axial velocity approximately equal to 10 m/s (very few droplets have a 
velocity less than 10 m/s). Thus, the estimated time those droplets take to move downstream to the 
ILIDS region is about 3.5 ms and 5.5 ms for y=35 mm and y=55 mm respectively. This is the 
expected total time needed for all the validated droplets to be transferred downstream to the size 
measuring region for each case and no strong correlations between break-up and downstream spray 
characteristics are expected to be found for time delays of this order. On the contrary, the correlation 
coefficients are expected to decrease significantly at time delays higher than this and to reach zero 
after some time. As can be seen in Table 5-4 and Table 5-5 the combined measurements are 
conducted for even higher time delays. This is to corroborate if the phenomenon observed in a cycle is 
repeated, demonstrating this way the repeatable nature of the break-up mechanism that also 
determines the downstream droplet sizes. For the case where the ILIDS measurements are performed 
at a streamwise distance from the nozzle equal to y=55 mm (Table 5-5), the time delays used become 
very high, specifically 10 times higher than the time delays estimated for the completion of the first 
cycle. This is to verify if the break-up cycle will be repeated, even after considerably longer time 




Table 5-4. Time intervals used between OC and ILIDS measurements for y=35 mm. 
Case dt (ms) Case dt (ms) Case dt (ms) 
B1 0 B7 2.9 B13 6.5 
B2 0.9 B8 3.3 B14 7.3 
B3 1.3 B9 3.7 B15 8.1 
B4 1.7 B10 4.1 B16 8.9 
B5 2.1 B11 4.9 B17 9.7 
B6 2.5 B12 5.7 B18 10.5 
 
Table 5-5. Time intervals used between OC and ILIDS measurements for y=55mm. 
Case dt (ms) Case dt (ms) Case dt (ms) 
B1 0 B11 14.2 B21 16.2 
B2 1 B12 14.4 B22 16.3 
B3 2 B13 14.6 B23 16.4 
B4 3 B14 14.8 B24 16.6 
B5 4 B15 15 B25 16.8 
B6 5 B16 15.2 B26 17 
B7 10 B17 15.4 B27 19 
B8 13 B18 15.6 B28 21 
B9 13.8 B19 15.8 B29 23 
B10 14 B20 16   
 
Figure 5-50 shows the variation of the mean curved break-up length (𝐿𝑏̅̅ ̅) when the same flow 
condition is repeated. The x-axis displays the experiment number as the time delay between the two 
techniques affects only the measurement of the downstream droplet sizes and not the break-up length. 
Thus, the purpose of presenting this figure is to verify if the break-up length remains approximately 
constant when the same flow condition is repeated several times. The average value of the presented 
mean values of the curved break-up length is 6.2 mm, which is also in a very good agreement with the 
corresponding mean value (case B, MFR=5.3) presented in Figure 5-41. This shows that the mean 
break-up length measured remains constant for the same flow condition even though the instantaneous 
values can deviate significantly from the mean (Figure 5-46). The error bars shown represent once 
again the standard deviation of the fluctuations, which is given by Equation 5-14. The variation of the 
break-up length is 0.8 mm, which is the 13% of the average curved break-up length. 
Figure 5-51 illustrates the mean droplet number density for different samples in the same flow 
condition when ILIDS measurements are performed at y=35 and 55 mm downstream the liquid 
nozzle. Since the droplet size measuring area has a size of 12×8×1 mm, its volume is 96 mm3. To 
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calculate the droplet number density, the detected number of droplets is divided by the volume of the 
size measuring region. On average, 17.6 droplets (or approximately 0.18 droplets per mm3) are 
detected at y=35 mm with a standard deviation of the order of 41% and 13.2 droplets (or 
approximately 0.14 droplets per mm3) at y=55 mm with standard deviation of the order of 40%. 
Evidently, the droplet number density detected is higher, when the ILIDS measurements are 
performed closer to the nozzle, which is anticipated as the spray becomes sparser and wider at longer 
streamwise distances. Furthermore, the droplets detected at y=35 mm from the nozzle exit are larger 
than those detected at y=55 mm. 
The average 𝐴𝑀𝐷̅̅ ̅̅ ̅̅ ̅ at y=35 mm is 47 μm, while the 𝐴𝑀𝐷̅̅ ̅̅ ̅̅ ̅ at y=55 mm is 40 μm (Figure 5-52). 
The standard deviation in both cases is of the order of 20%. The difference in 𝑆𝑀𝐷̅̅ ̅̅ ̅̅  (average SMD) 
between the two measuring positions is smaller (Figure 5-53) as SMD̅̅ ̅̅ ̅̅ y=35 mm = 85 μm with a 
standard deviation of around 28% and SMD̅̅ ̅̅ ̅̅ y=55 mm = 80 μm with a standard deviation of 37%. It is 
obvious that the fluctuations of the droplet sizing measurements are considerably higher than those of 
the break-up length measurements. This occurs because the identified number of droplets in each 
instantaneous image is not large. 
Figures 5-51, 5-52 and 5-53 indicate that the droplet number density, 𝐴𝑀𝐷̅̅ ̅̅ ̅̅ ̅ and 𝑆𝑀𝐷̅̅ ̅̅ ̅̅  remain 






Figure 5-50. Variation of the mean curved break-up length (𝐿𝑏̅̅ ̅) for different samples acquired in the 
same flow condition (case B, MFR=5.3). 
 
Figure 5-51. Variation of the mean droplet number density for different samples acquired in the same 
flow condition (case B, MFR=5.3) at distances y=35 and 55 mm from the nozzle. 





































































































Figure 5-52. Variation of the 𝐴𝑀𝐷̅̅ ̅̅ ̅̅ ̅ for different samples acquired in the same flow condition (case B, 
MFR=5.3) at distances y=35 and 55 mm from the nozzle. 
 
Figure 5-53. Variation of the 𝑆𝑀𝐷̅̅ ̅̅ ̅̅  for different samples acquired in the same flow condition (case B, 
MFR=5.3) at distances y=35 and 55 mm from the nozzle. 




























































          (Equation 5-15) 
In the above equation, N is the total number of observations (for the present study N=2000), 𝑥𝑖 and 𝑦𝑖 
represent the i
th
 element of the data samples 𝑥 and 𝑦 respectively, ?̅? and ?̅? are the mean values of the 
instantaneous observations of samples 𝑥 and 𝑦 respectively. 
The direct correlation between the instantaneous break-up length and the droplet number density, 
AMD and SMD, was not possible to find as the correlation coefficients were found to be close to zero. 
This is due to the low number of droplets identified in each instantaneous image, which leads to high 
statistical uncertainties. It is evident that in order to reduce the statistical uncertainties, the number of 
observations should be much higher than 2000, but then again this is not reasonable and it would 
require a lot of time and large computational capacity to store and process so many samples. 
Therefore, a conditional correlation method was developed with the intention to reduce the statistical 
uncertainties to manageable levels that will allow the calculation of the correlation coefficients 
between the break-up and the downstream spray characteristics for different time delays between the 
two experimental techniques. To achieve this, the curved break-up lengths (𝐿𝑏) of the instantaneous 
observations of each sample were sorted in an ascending order and then the data were grouped in a 
defined number of bins in such a way that all the bins contained an equal number of samples, of a 
different width. If we consider that the distribution of a measured parameter 𝑥, which consists of N 
observations, is Gaussian, then the separation of the observations into 𝑛 bins is performed as shown in 
Figure 5-54. 
At the next step of the processing, the rest of the measured instantaneous quantities, i.e. the 
cross-stream break-up length, the detected number of droplets, the AMD and the SMD, were sorted 
and grouped in accordance to the curved break-up length sort. Each bin is represented by the average 
value of the data contained therein. The number of bins was chosen to be 𝑛 = 10 for the present 
investigation and, since each sample consists of 𝑁 = 2000 images, each bin contains 𝑁 𝑛⁄ = 200 
images. The selection of the number of bins is a compromise between the number of samples that will 
be correlated afterwards, as the mean values from each bin are correlated between them, and the 
statistical uncertainty involved in each bin. By increasing the number of bins, the statistical 
uncertainty of each bin will increase as its sample will decrease. At the same time the sample of 
correlated values will increase, resulting in a lower uncertainty during the correlations. However, a 





Figure 5-54. The conditional correlation method by splitting the normal distribution of parameter x, 
which contains N data, into n bins that contain the same number of data equal to N/n. 
 
Figure 5-55 shows the plot between the number of droplets detected and the curved break-up 
length bin values for different time delays between OC and ILIDS and y=35 mm from the nozzle. The 
error bars shown in both axes are the standard deviations of the instantaneous values included in the 
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)    (Equation 5-17) 
where 𝑛 is the number of data included in each bin, which is 200 in the present investigation, 𝑥𝑖 and 
𝑦𝑖 are the i
th
 elements of the measured quantities 𝑥 and 𝑦 and finally, ?̅? and ?̅? are the mean values of 
the instantaneous observations that are included in the same bin. In Figure 5-55, parameter 𝑥 
corresponds to the curved break-up length and parameter 𝑦 to the detected number of droplets. It is 
noted that the statistical uncertainty is larger for droplet sizing than for break-up length measurements. 
A strong linear negative trend is observed between the curved break-up length and the downstream 
number of droplets in some dt cases, such as dt=1.3, 1.7, 2.1 and 2.5 ms, which slightly diminishes in 
the next few cases and vanishes completely at dt=4.9 ms to be observed again later at dt=6.5 and 7.3 
ms. This phenomenon indicates that there might be an interdependence between the two variables 
which is repeated. It is also observed that the first and last (10
th
) bins occasionally cause departure 
from the observed trend. This is because the first and last bins include the smallest and largest values 
respectively, which deviate significantly from the mean value, introducing, in this way, higher 
uncertainties. Another reason is that the data contained within the first and last bins spread more as 
these bins include more size classes, each of which includes smaller sample numbers than the classes 
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met in the rest of the bins (Figure 5-54). As a result, the averaging of such data is very sensitive and 
can be determined by observations that display very low repeatability in the ensemble of observations 
in the same conditions and deviate significantly from the typical observations. Therefore, in the 
correlations that will be presented later the first and last bins will be neglected and the correlation 
coefficients will be calculated from the 8 remaining bins. 
 
 
Figure 5-55. Plot of bin values between the detected number of droplets at y=35 mm from the nozzle 
and the curved break-up length (𝐿𝑏) for 10 bins and different time delays (dt) between OC and ILIDS. 
measurements. 
 
The 8 bin values of each quantity are then correlated with the corresponding values of another 
quantity to extract the correlation coefficient of a single time delay between the OC and ILIDS 
measurements. The procedure is repeated for all the time delay cases given above and for both droplet 
size measuring locations. During the correlation procedure, the statistical uncertainties that were 
calculated earlier in the binning process of the data are not considered. In this way, the statistical 
uncertainties are eliminated as each group is represented by its mean value, which is less affected by 



















































































































quantities with a high standard deviation. The correlation coefficient, when applying the conditional 










   (Equation 5-18) 
where 𝑏 is the total number of bins used, which is 10 in the present investigation, while counter 𝑖 
acquires integer values from 2 to 9 as the first and last bins are neglected. 𝑋𝑖 and 𝑌𝑖 are the average 
values of the i
th
 bin of the variables 𝑥 and 𝑦 respectively and ?̅? and ?̅? the mean quantities of the 








    (Equation 5-20) 


















)    (Equation 5-21) 
The numerator of the above equation represents the standard deviation of the correlated function, 
∑ (Xi − X̅
b−1
i=2 )(Yi − Y̅), the denominator normalises the uncertainty as it was also done in the 
calculation of the correlation coefficient (Equation 5-18) and the factor in the brackets denotes the 
confidence interval of 95%. 
The correlation coefficients and the corresponding uncertainties (confidence interval of 95%) 
between the curved break-up length and the droplet number density of 8 bins for the different time 
delays (dt) and when the ILIDS measurements are performed at y=35 mm from nozzle, can be seen in 
Figure 5-56. The trend verifies the fact that there is a strong negative correlation between the two 
variables that reaches the minimum value of -1 for certain time delays. Specifically, for 𝑑𝑡 = 0 ms the 
correlation coefficient is around -0.7 and reaches the lowest value for 𝑑𝑡 = 2.1 ms. 
The relation between the two variables remains strongly negative between 𝑑𝑡 = 0.9 ms and 
𝑑𝑡 = 2.5 ms. This range of time delays corresponds to droplet velocities that vary between 14 and 
38.8 m/s (for y=35 mm) and according to the axial velocity profile of validated droplets (Figure 5-49), 
the majority of droplets of various sizes travels downstream with a velocity between this range. This 
explains the strong correlation observed when the ILIDS measurements are performed with such time 
delays after the OC measurements. The negative correlation indicates that, as the break-up length 
increases, the downstream number of droplets detected decreases, and vice-versa. This is reasonable 
because the decrease of the continuous liquid jet length will lead to the formation of more droplets, as 
the liquid amount remains constant and the ligaments that are formed at the break-up will disrupt into 
smaller droplets. The correlation coefficient is then reduced for 𝑑𝑡 > 2.5 ms to reach zero for 
𝑑𝑡 = 5 ms. When the ILIDS measurements are performed 5 ms after the OC measurements, only the 
215 
 
droplets that travel with a velocity of 7m/s are captured in the ILIDS imaged area when its distance 
from the nozzle is y=35 mm. As it can be seen in Figure 5-49, very few droplets are conveyed 
downstream with this velocity, which explains why there is no interdependence between the break-up 
length and the droplet number density in this situation. At this time interval (5 ms), the break-up 
mechanism has completed one cycle, to repeat exactly the same one right after, i.e. for time delays 
between 5 and 10 ms. The measurements for 𝑑𝑡 > 5 ms were acquired to validate the periodicity of 
the characteristics of the flow examined, as it was predicted that droplets with the same or similar 
features would be generated all over again for time delays greater than the ones recorded during the 
first cycle. During the recording of n
th
 cycle, the break-up length of the first cycle is correlated with 
the detected droplets of the examined n
th
 cycle, as the break-up length in each case is recorded at 
𝑡 = 0 and the detected droplets after a specified time delay. The current findings (Figure 5-56) show 
that the same trend is observed during the second cycle (𝑑𝑡 = 5 − 10 ms), which suggests that the 
break-up process has coherent and periodic behaviour, as it is correlated in the same way with the 
droplets produced in both the first and second cycles. Furthermore, the period in both cycles is 
calculated to be 4.9 ms, which corresponds to a frequency of around 204 Hz. 
A similar trend with the same frequency is observed when the distance of the droplet size 
measuring area from the nozzle is 55 mm (Figure 5-57). A similar correlation value with the one 
calculated for the expected time interval (𝑑𝑡∗=1.4 ms) is observed for a time delay 10 times greater 
than 𝑑𝑡∗, i.e. 14 ms, which indicates that the same break-up length demonstrated approximately the 
same correlation coefficient for two sets of droplets detected at different delay times. Hence, the two 
sets of droplets have similar characteristics. This figure presents the first and third cycles of the break-
up process, while the second cycle is not shown. The third cycle begins at approximately 11 ms and 
ends at around 16 ms and is displaced by 1 ms from the expected location. Furthermore, the trend of 
this cycle is slightly different from the one of the first cycle as the correlation coefficients within the 
third cycle are closer to -1 and decrease to -0.5 for 𝑑𝑡 = 16.6 ms, instead of zero, as expected. The 
observed differences might be caused by the experimental and statistical uncertainties involved during 
the recording and processing of the data. Moreover, the resolution of the recorded time delays is 
higher for the third cycle as measurements for more time delays are recorded, presenting more 




Figure 5-56. Correlation coefficients between the curved break-up length and the droplet number 
density for several time delays between the two measuring positions (y=35 mm). 
 
Figure 5-57. Correlation coefficients between the curved break-up length and the droplet number 
density for several time delays between the two measuring positions (y=55 mm). 
 
















































































The correlation coefficients between the break-up length and the droplet number density are also 
calculated for specific droplet classes in order to determine which droplet sizes account for the 
correlations observed earlier. Figure 5-58 and Figure 5-59 show the correlation coefficients between 
the curved break-up length and the droplet number density for different droplet classes, for y=35 and 
55 mm respectively. Figure 5-58 shows that the trend of the correlation coefficients for droplets of 
size 14-30 μm is similar to the overall trend, which was shown in Figure 5-56. This is explained by 
the fact that this specific droplet class includes approximately the 33% of the overall detected 
droplets. Furthermore, the axial velocity profile of droplets (Figure 5-49) shows that droplets of such 
size acquire wide-ranging velocities. Hence, more droplets will be correlated with the break-up length 
at a broad range of time delays. A similar trend, but with some differences, is also observed for the 
droplets of size 30-45 μm (26.6% of the overall sample) and 45-60μm (17.6% of the overall sample). 
In general, the trends of these two cases follow the overall trend, but not as well as the trend of the 
first droplet class. They agree to some extent with the overall trend and more specifically at the time 
delays where the highest negative correlations were found, i.e. between 1 and 2 ms and around 7 ms. 
For the rest of the time delays they fluctuate and reach zero earlier and in a more abrupt way in 
comparison to the overall trend. This is caused by the fact that these classes contain droplets that 
travel with a narrower-range velocities in comparison to the first class. Thus, they contribute to the 
correlations only for certain time intervals, while for different time intervals they are not found in the 
area investigated. The droplets of size 60-75 μm (10.5%) do not influence as much the correlation 
coefficients as the trend of this class fluctuates around zero. Nevertheless, the correlation coefficients 
of this trend for 𝑑𝑡 = 1 − 2 ms are comparable to the corresponding ones of the overall trend. This 
happens because this class of droplets is present in the ILIDS measuring region when the ILIDS 
measurements are obtained with the aforementioned time delays after the optical connectivity 
measurements. This is also verified by Figure 5-49, where it is shown that droplets of a size between 
60 and 75 μm usually travel with velocity that varies between 30 and 40 m/s, which means that they 
will be transported downstream at y=35 mm after approximately 1 ms. Not many or even none 
droplets of this class will be found in the ILIDS area at time delays much higher than this. Thus, no 
significant correlations should be expected. Droplets with a size greater than 75 μm and up to 250 μm 
do not affect the correlations significantly, as they consistute only 12% of the total detected number of 
droplets. The same remarks can also be made when studying the corresponding trend for the case 
where the ILIDS measuring region is located 55 mm downstream of the nozzle (Figure 5-59), which 




Figure 5-58. Correlation coefficients between the curved break-up length and the droplet number 
density for specified droplet classes at y=35 mm from the nozzle. 
 
Figure 5-59. Correlation coefficients between the curved break-up length and the droplet number 
density for specified droplet classes at y=55 mm from the nozzle. 
  




























































































The correlation between the curved break-up length and the AMD for y=35 and 55 mm can be 
seen in Figure 5-60 and Figure 5-61 respectively. Both figures demonstrate that the relation between 
the break-up length and the AMD changes sign, as the correlation coefficients fluctuate around zero 
by obtaining either positive or negative values. The relation between these two variables seems to be 
more complicated and no safe conclusions can be extracted, as the trend might be deformed by the 
statistical uncertainties involved during the calculation of the AMD. The same occurs when 
correlating the curved break-up length with SMD (Figure 5-62 for y=35 mm and Figure 5-63 for y=55 
mm). The correlation curves of the break-up length and AMD and SMD for y=55 mm, Figure 5-61 and 
Figure 5-63 respectively, do not provide substantial information in terms of shape with time delay 
development as the increment of dt does not remain constant. Besides, the relation between the break-
up length and the droplet sizes located further downstream from the nozzle is expected to be weaker 
than the relation between the former and the droplet sizes that are located closer to the nozzle. The 
trend shown by Figure 5-62, which concerns the correlation between the break-up length and SMD for 
y=35 mm, appears to be non-arbitrary as it can be approximated by a sinusoidal curve, indicating the 
periodicity in the break-up process The correlation function also includes some noise, however the 
period can still be approximately detected. The part of the curve that corresponds to the second cycle 
(about 5-10 ms) is similar to the one of the first cycle (about 0-5 ms), showing that the oscillation 
around zero is repeated. The period and frequency of the curve agree to an adequate extent with the 
corresponding results found before when correlating the break-up length and the downstream droplet 
number density. At 𝑑𝑡 = 0 ms the correlation coefficient is just below zero (-0.3). Later, it increases 
and reaches a maximum positive value at around 𝑑𝑡 = 2 ms with amplitude equal to 0.5. The curve 
completes one cycle when dt becomes approximately equal to 4.5 ms, which corresponds to a 
frequency of 220 Hz. During the second cycle the period remains the same as the correlation 
coefficient is around zero for 𝑑𝑡 = 4.5 ms reaching a maximum value of 0.5 at 𝑑𝑡 = 6 ms. It, then, 
decreases to -0.5 at 𝑑𝑡 ≈ 7.5 ms, to reach zero again and complete the cycle at 𝑑𝑡 ≈ 9 ms. The 
finding that the correlation between the break-up length and SMD is initially positive but becomes 
negative in the second half of each cycle shows that during the first half of the cycle the two variables 
are proportional and become inversely proportional afterwards. The physical reason leading to such 
periodic behaviour may be the flapping of the liquid jet itself. As observed earlier in the fluorescent 
images and the findings from POD analysis, the development of the disturbances in the liquid/gas 
interface causes the flapping of the jet around its centreline. This observation is enhanced in the cases 
where the Weber number is high, in which the jet moves sideways as a whole in all directions. The 




Figure 5-60. Correlation coefficients between the curved break-up length and AMD for several time 
delays between the two measuring positions (y=35 mm). 
 
Figure 5-61. Correlation coefficients between the curved break-up length and AMD for several time 
delays between the two measuring positions (y=55 mm). 

















































































Figure 5-62. Correlation coefficients between the curved break-up length and SMD for several time 
delays between the two measuring positions (y=35 mm). 
 
Figure 5-63. Correlation coefficients between the curved break-up length and SMD for several time 
delays between the two measuring positions (y=55 mm).  
















































































5.6. Summary of findings 
In the present chapter, the findings of the experimental investigations conducted in a cross-flow 
air-blast atomiser are presented. Optical connectivity was used to examine the break-up length 
features of the liquid jet in a gaseous cross-flow stream for different flow conditions. The fluorescent 
intensity images were captured from two different view angles simultaneously to allow the study of 
the non-symmetric liquid jet. The first camera was placed perpendicularly to the liquid jet exit 
centreline to record the side view of the jet, while the second was placed opposite the jet exit to record 
the deflected part of the jet from the front, which can be compared to conical sprays. The fluorescent 
intensity images captured from the former revealed the trajectory and the cross-stream as well as the 
curved break-up length of the liquid jet, whereas the ones captured from the latter revealed the 
streamwise break-up length and the angle of spray at 2 different positions. The mean break-up lengths 
of each sample were plotted against liquid to gas Momentum Flux Ratio (MFR) to study their 
relationship. As expected, it was found that the break-up length increases when the liquid to gas MFR 
increases and vice versa. Nevertheless, for the same MFR different break-up lengths were calculated, 
which shows that the break-up characteristics do not depend exclusively on MFR but they also depend 
on Re and We numbers. If one of these two dimensionless numbers is kept constant and the other 
varies then a linear slope is observed, whereas if the constant number changes, the slope of the trend 
changes too. During the study of the fluorescent intensity images, it was discovered that the liquid jet 
begins to split into more columns just a few diameters downstream the liquid nozzle. It is believed 
that this is the onset of the liquid sheet break-up. The two parts of the bifurcated jet support the thin 
sheet of liquid formed, which does not absorb enough light to fluoresce and is viewed as a dark 
region. It is obvious that the break-up mechanism in the cross-flow atomisation is different and more 
complex as it leads to liquid sheet break-up and then to droplet break-up. Additional measurements in 
the liquid sheet break-up region should be performed to provide a better understanding of this 
mechanism. For example, the thickness and the surface area of the formed liquid sheets could be 
directly related to the atomisation process and the produced products. 
The experimental results in the cross-flow atomiser were compared to correlations found in the 
literature, which were applied to significantly different cross-flow geometries. Nevertheless, particular 
correlations for the calculation of the liquid jet trajectory, the break-up length and the time produced 
data were found to agree adequately with the experimental results. 
To further study the influence of the developed instabilities on the liquid jet structure, Proper 
Orthogonal Decomposition (POD) was used to extract the orthogonal modes that provided 
information on the jet morphology. Specifically, the most energetic modes exposed the flapping 
motion of the tip in the cross-stream direction and the twisting of the jet, which is only observed from 
the front view plane. The flapping motion of the tip of the liquid jet requires further study in order to 
identify its effect on the atomisation products. Such study should be done at an instantaneous level to 
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discover if there is any periodicity in its motion in the space and its impact on the droplet sizes and the 
spray dispersion. It was demonstrated that the observed physics and the structure of a liquid jet 
injected in a cross-flow gas stream are more complex than those of a coaxial jet and it should be 
studied as a 3d phenomenon. Furthermore, in some flow conditions with a high Weber number, 
travelling waves were detected, the characteristics of which, such as the wavelength and amplitude, 
were studied. Future work should also focus on identifying how such waves are generated and their 
development along the liquid jet. 
Finally, a conditional correlation method was developed to overcome the large experimental and 
statistical uncertainties and allow the calculation of the correlation coefficients between the break-up 
length and the downstream droplet sizes for different time delays (dt) between optical connectivity 
and Interferometric Laser Imaging Droplet Sizing (ILIDS). A negative correlation was found between 
the break-up length and the downstream droplet number density showing that the two variables are 
inversely proportional. The same trend was repeated for higher time delays showing that the break-up 
process has a coherent behaviour with a period of about 5 ms and a frequency of about 200 Hz. 
Moreover, the correlations between the break-up length and AMD and SMD revealed a trend that 
changes sign. Thus, the correlation coefficients are positive at one instant and become negative at 
another. The fact that these parameters are correlated between them means that the variation of the 
atomisation process influences directly the resulting droplets in the spray. The trend of correlation 
coefficients between the curved break-up length and SMD for droplets located near the nozzle can be 
approximated by a sinusoidal curve with a frequency that agrees well with the frequency that was 
calculated when correlating the break-up length and the droplet number density. The periodic 
behaviour might be caused by the flapping motion of the liquid jet, which was identified earlier 
through the study of the optical connectivity images and the POD analysis. Since the correlations 
were calculated at an instantaneous level, the location of the liquid jet within the gas stream must be 




Chapter 6 -  Conclusions and Scope for Future Work 
 
6. 1. Conclusions 
Two phase flows produced by air-blast atomisers are the subject of the present investigation, 
which focused on the characterisation of the developed features of sprays. More specifically, the 
atomisation process and the downstream droplet characteristics were studied by applying different 
experimental techniques. For this purpose, two different air-blast atomisers were used, a coaxial and a 
cross-flow. In the former, the co-flowing gas atomises the liquid column which emits vertically 
downwards, while in the latter the liquid jet emits horizontally to meet the cross-flow gas stream 
which causes its deflection. The cross-flow atomiser is a novel design accomplished at Imperial 
College during the course of the present research. All the previous cross-flow applications were 
carried out in large spaces, such as the test sections of wind tunnels, while the present was the first 
attempt to produce deflected jets with an axisymmetric atomiser. For the break-up length 
measurements of liquid jets, electrical connectivity, high-speed shadowgraphy and optical 
connectivity were used. The last is a novel laser technique used to illuminate internally the continuous 
liquid column by introducing a laser beam within the liquid nozzle. An experimental evaluation of 
this technique in both straight and deflected jets was performed. The experimental findings were 
compared to a numerical investigation found in the literature. To understand the underlying 
mechanism and the structure of liquid jets, Proper Orthogonal Decomposition (POD) was applied to 
large samples of high-speed and fluorescent intensity images. This method can extract the orthogonal 
modes, the most energetic of which demonstrate the large scale dynamic features that develop in the 
spray and cause the deformation of the liquid column. Finally, the break-up process was related to the 
downstream droplet sizes. To achieve this, out-of-focus imaging ILIDS was used after optical 
connectivity. The combination of these techniques allowed the calculation of the correlation 
coefficients between the break-up length and the droplet number density, AMD and SMD for different 
time delays between the triggering of the measurements with the two techniques. Specific conclusions 




6.1. 1. Investigations in the coaxial air-blast atomiser 
The atomisation mechanism, the liquid jet structure, the developed instabilities, the underlying 
physics and the downstream droplet sizes of sprays produced by the coaxial air-blast atomiser in 
different flow conditions were examined by applying different experimental and other methods.  
Three different techniques were used to measure the break-up length of the liquid jet and the 
results were compared between them. The trend of the measured voltage across the nozzle and a probe 
used for the purposes of electrical connectivity, revealed the distance at which the break-up occurs. 
Nevertheless, the low resistance of water causes good electrical conductivity even when a small 
contact between the probe and the jet, such as what would be caused by detaching ligaments from the 
main jet, occurs. The fact that the spray does not break-up in a single column but in a number of 
interconnecting masses makes the calculation of the break-up length with this technique very intricate 
in some cases. This technique requires the judgement of the user to determine the break-up position 
precisely and in some cases there might be a significant doubt. 
The break-up length was also determined by studying the sequence of temporally resolved 
images with high speed photography. It was proved that once more the exact location of the break-up 
of the liquid column is not always easily determined as a dense spray can prevent a clear observation. 
High-speed shadowgraphy also requires the judgement of the user on image processing which can 
influence the evaluation of the results. However, the break-up length can be determined in most of the 
cases with confidence from the temporally resolved sequence of images as the discontinuity of the 
liquid jet is revealed when the frames are studied carefully. The comparison of the measured voltages 
and the matching high-speed images of the liquid jet showed that there is a correspondence between 
the apparent contact of the liquid jet on the electrical probe and the voltage drop between the probe 
and the nozzle. Therefore, the simultaneous utilisation of these two techniques may diminish any 
uncertainty over the detection of the exact break-up location. 
Optical connectivity was also studied, which can provide a clear visualisation of the continuous 
liquid jet without any obstructions caused by the products of atomisation. In this case, the break-up 
location can be determined with much higher confidence as the laser light propagates downstream 
along the liquid column and is interrupted at the breaking point because it is scattered and diffused 
widely. An optical filter used in front of the camera recording the luminous column suppresses the 
scattered light and allows the clear visualisation of the luminous core of the spray using fluorescent 
intensity while avoiding the background noise. In addition, experimental investigations were 
conducted to evaluate the performance of the optical connectivity technique applied to both straight 
and deflected liquid jets. The conclusions from the applicability of the optical connectivity in the 
deflected jets are presented in the next section. The experimental results were compared to existing 
numerical simulations. The experimental investigation showed that the straight jets have increased 
intensity just downstream of the nozzle exit and near the breaking point. The intensity remains 
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relatively constant after the initial peak and before the breaking point of the liquid jet, which agrees 
with existing numerical investigations. 
The comparison of the measurements of the break-up length with the three techniques: electrical 
connectivity, high-speed shadowgraphy and optical connectivity, showed that in general there is a 
good agreement between them. In most of the cases, optical connectivity measures a shorter break-up 
length as it is more likely to detect the onset of the atomisation process, while the other two 
techniques detect the breaking point at a later stage. 
The morphology of the atomised liquid jet and the developed instabilities that affect its structure 
and contribute to its deformation were studied by applying Proper Orthogonal Decomposition (POD) 
on both photographic and fluorescent images. It was shown that when POD is applied to fluorescent 
intensity images fewer modes are required to describe the process as the photographic images also 
contain information on the dispersion of the droplets downstream the liquid jet and describe a more 
complex phenomenon. In any case, it was demonstrated that the atomisation process cannot be 
described as a simple process because multifaceted dynamic features and combined overlapping 
effects develop in the spray. The most energetic orthogonal modes exposed the longitudinally 
developing features around the jet which are probably caused by Kelvin-Helmholtz instabilities and 
the oscillatory behaviour of the liquid jet around its axis. It is believed that the flapping motion of the 
tip of the liquid column has a high impact on the atomisation process and determines the radial 
distance from the central axis at which the droplets are dispersed. Image reconstruction supported the 
conviction that the atomisation process is a complex combination of events as a large number of POD 
modes was required to describe the phenomenon adequately. 
Finally, a conditional correlation method was developed to overcome the large experimental and 
statistical uncertainties and allow the calculation of the correlation coefficients between the break-up 
length and the downstream droplet sizes for different time delays (dt) between the optical connectivity 
and Interferometric Laser Imaging Droplet Sizing (ILIDS). A negative correlation between the break-
up length and the droplet number density was established, showing the inversely proportional 
relationship of the two variables. The strongest correlations were detected at specific time delays, at 
which, according to the axial velocity profile, numerous droplets were expected to reach the ILIDS 
measuring region. The correlation between the break-up length and the droplet number density was 
also repeated by considering different droplet classes and it was found that small droplets have a 
greater effect on the correlations. The correlations between the break-up length and AMD or SMD 
revealed a positive trend, showing that as the break-up length decreases the atomisation becomes 




6.1. 2. Investigations in the cross-flow air-blast atomiser 
In the present section, the findings of the experimental investigations conducted in a cross-flow 
air-blast atomiser are presented. Optical connectivity was used to examine the break-up length 
features of the liquid jet in a gaseous cross-flow stream for different flow conditions. The fluorescent 
intensity images were captured from two different viewing angles simultaneously to allow the study 
of the non-symmetric liquid jet. The first camera was placed perpendicularly to the liquid jet exit 
centreline to record the side view of the jet, while the second was placed opposite the jet exit to record 
the deflected part of the jet from the front, which can be compared to conical diesel sprays. The 
fluorescent intensity images captured from the former position revealed the trajectory and the cross-
stream as well as the curved break-up length of the liquid jet, whereas the ones captured from the 
latter position revealed the streamwise break-up length and the angle of the spray at 2 different 
positions. The mean break-up lengths of each sample were plotted against the liquid to gas 
Momentum Flux Ratio (MFR) to study their relationship. As expected, it was found that the break-up 
length increases when the liquid to gas MFR increases and vice versa. Nevertheless, for the same 
MFR different break-up lengths were calculated, which shows that the break-up characteristics do not 
depend exclusively on MFR. They also depend on Re and We numbers. If one of these two 
dimensionless numbers is kept constant and the other varies then a linear slope is observed, whereas if 
the constant number changes, the slope of the trend changes too. During the study of the fluorescent 
images it was discovered that the liquid jet begins to split into more columns just a few diameters 
downstream from the liquid nozzle. It is believed that this is the onset of the liquid sheet break-up. 
The two parts of the bifurcated jet support the thin sheet of liquid formed which does not absorb 
enough light to fluoresce and it is viewed as a dark region. It is obvious that the break-up mechanism 
in cross-flow atomisation is different and more complex as it leads to liquid sheet break-up and then 
to droplet break-up. 
An experimental investigation was conducted to evaluate the performance of the optical 
connectivity technique when applied to deflected liquid jets. The experimental investigation showed 
that the inclination of the jet imposes some limitations on the propagation of the illuminating laser 
light through the jet volume, resulting in a non-uniform intensity. Specifically, close to the point of 
the maximum inflection of the jet, the fluorescent intensity is always increasing along an oblique line 
through the jet. This can be explained by considering that the illuminating beam is deflected on the 
curved interface at certain angles that depend on the inclination of the jet. Therefore, much of the 
reflected light concentrates along a narrow strip of the jet, increasing in this way, the local fluorescent 
intensity. When comparing the experimental results to the existing numerical results, it is seen that 
there are some differences, which can be attributed to the more complex geometry of the real jets. 
Nevertheless, in general, there is a good qualitative agreement as the experimental results verified the 
numerical modelling done by Charalampous et al. [58]. 
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The experimental results in the cross-flow atomiser were compared to correlations found in the 
literature, which were applied to significantly different cross-flow geometries. Nevertheless, particular 
correlations for the calculation of the liquid jet trajectory, the break-up length and the time produced 
data agreed adequately with the experimental results. 
To further study the influence of the developed instabilities on the liquid jet structure, Proper 
Orthogonal Decomposition (POD) was used to extract the orthogonal modes that provided 
information on the jet morphology. Specifically, the most energetic modes exposed the flapping 
motion of the tip in the cross-stream direction and the twisting of the jet which is only observed from 
the front view plane. The formation of the liquid sheets was also exposed which verified the 
expectations of different break-up mechanisms in cross-flow atomisation. Furthermore, for flow 
conditions with a high Weber number, travelling waves were detected. Their characteristics, such as 
the wavelength and the amplitude, were studied. 
Finally, a conditional correlation method was developed to overcome the large experimental and 
statistical uncertainties and allow the calculation of the correlation coefficients between the break-up 
length and the downstream droplet sizes for different time delays (dt) between optical connectivity 
and Interferometric Laser Imaging Droplet Sizing (ILIDS). A negative correlation was found between 
the break-up length and the downstream droplet number density, showing that the two variables are 
inversely proportional. The same trend was repeated for higher time delays showing that the break-up 
process has a coherent behaviour with a period of about 5ms and a frequency of about 200 Hz. 
Moreover, the correlations between the break-up length and AMD or SMD revealed a trend that 
changes sign. Thus, the correlation coefficients are positive at one instant and negative at another. The 
trend of the correlation coefficients between the curved break-up length and SMD for the droplets 
located near the nozzle can be approximated by a sinusoidal curve with a frequency that agrees to a 
great extent with the frequency that was calculated when correlating the break-up length and the 




6. 2. Scope for future work 
The findings of the present investigation generated data that can lead to a better understanding of 
the atomisation process and the physics involved, especially in cross-flow atomisation which has not 
yet been subjected to intensive research. The thorough investigation of the cross-flow atomisation will 
lead to the design of more efficient combustion systems through the development of experimental 
techniques more applicable to such geometries and models for numerical simulations. The novel 
design of the cross-flow atomiser in the present investigation can assist the achievement of this goal. 
As a result, there are some studies that need to be undertaken in both the coaxial and the cross-flow 
atomisers in the near future: 
1. Measurements of gas velocity close to the nozzle exit and around the liquid/gas interface should 
be performed in both coaxial and cross-flow atomisation to evaluate the gas flow turbulence in 
these regions and its impact on the atomisation process. This can be achieved by performing PIV 
measurements. 
2. A numerical calculation should be performed in a geometry identical to the existing cross-flow 
atomiser aiming at developing a model that will be able to predict the mechanism of this type of 
break-up and the downstream formation of droplets. The calculation of the nozzle internal flow 
by using a Lagrangian/Eulerian approach will also reveal if a cavitation is formed inside the 
liquid nozzle. Different nozzle geometries, such as round- and sharp-edged orifices, can be 
studied. 
3. The current design of the cross-flow atomiser allows the modification of the nozzle. Thus, an 
experimental investigation should be performed aiming at evaluating the impact of different 
nozzle geometries on the atomisation process. This will allow the study of the behaviour of 
cross-flow atomisation when different orifice sizes and geometries are used and the comparison 
of the characteristics of the spray produced with the established ones found in the literature. This 
is particularly interesting in the case of cross-flow atomisation as the mechanism is not yet well 
known. As explained earlier in this thesis, the geometries of all the cross-flow applications found 
in the literature differ significantly from the cross-flow atomiser used in the present research. 
Therefore, such comparisons will lead to important conclusions. Advanced and novel optical 
instruments can also be used to follow the development of liquid columns inside the liquid nozzle 
and the formation of turbulent eddies. 
4. The instabilities formed that lead to the liquid sheet break-up and, then, to the droplet break-up in 
cross-flow atomisation should be further studied in order to understand the complex break-up 
mechanism that applies to deflected jets. Such instabilities lead to a wave growth on the surface 
of the liquid jet. It is believed that these instabilities are associated with the turbulent eddies 
generated in the liquid flow inside the nozzle. This attempt might be assisted by the 
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measurements and the calculations described in the previous paragraphs, which concern the 
characterisation of the nozzle internal flow. 
5. The impact of swirl flows on the atomisation process is still not well known, especially in cross-
flow atomisation as no studies were found in the literature. Tangential inlet channels to the main 
body of the atomiser have been constructed in both coaxial and cross-flow atomisers, which will 
allow the addition of swirling gas in the main body of the atomiser and lead to the interaction of 
the latter with the liquid jet. The application of appropriate experimental techniques, like optical 
connectivity and ILIDS, to liquid jets exposed to swirling gas flows will allow the comparisons 
with the existing data, which were acquired without the presence of swirl. Such studies may 
clarify whether the addition of a swirl flow enhances or delays the primary atomisation and the 
effect on the downstream droplet characteristics. 
6. The flapping motion of the liquid jet needs to be studied further in order to identify its impact on 
the break-up process and the formation of the downstream droplet sizes. The location of the 
liquid jet within the gas stream must be calculated at an instantaneous level and needs to be 
linked to the characteristics of the produced spray. This will shed light on the underlying physics 
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Appendix A – Design of Jet in a Cross-flow Atomiser 
 
A.1. Introduction 
As explained earlier, the cross-flow air-blast atomiser was designed at Imperial College during 
the course of the present research. In this geometry, the liquid jet emits vertically in the gas stream, 
which atomises the liquid jet in a different way than the coaxial gas stream. It was shown in Chapter 5 
that the liquid sheet break-up takes place before the complete disintegration of the liquid jet in cross-
flow atomisation. This geometry contributed to the understanding of the structure of sprays produced 
under more accurate conditions, in comparison to coaxial sprays; as such conditions are closer to 
those met in the injectors of combustion chambers. 
The first step of the design of the cross-flow atomiser was to review the literature and determine 
which parameters are critical and can influence the operating conditions of the atomiser. The 
investigations found in the literature were performed in different cross-flow geometries, the scale of 
which is significantly larger than the scale of the described atomiser as they were performed in wind 
tunnels. The main parameters that control the cross-flow atomisation were discussed in Chapter 1.5.2. 
Such parameters are the Momentum Ratio (MR), which is the ratio of the momentum of the liquid and 
the momentum of the gas, the jet-to-cross-flow velocity ratio and the Reynolds and Weber numbers. 
These parameters are defined by the applied flow conditions and the geometry of the atomiser, mainly 
the nozzle geometry. The diameter of the liquid jet exit and the diameter of the gas annular gap 
govern the atomisation process as they define the liquid and gas velocities respectively. In addition, 
the smoothness of the walls of the liquid and the gas nozzles and the geometry of the liquid jet orifice 
control the introduction of turbulence, which has significant effect on the break-up length. Two 
different orifice geometries are met in the literature; sharp- and round- edged. The former introduces 
more turbulence in the liquid column in comparison to the latter. 
The following section presents the calculations that were used in order to predict the liquid jet 
trajectory for different boundary conditions and nozzle geometries. Finally, the designing features and 





A.2. Prediction of the liquid jet trajectory 
After reviewing the investigations found in the literature, the next step was to predict the liquid 
jet trajectory for certain flow conditions. Such prediction would indicate the cross-stream distance that 
the liquid jet will travel after exiting the nozzle. The prediction of this distance is really critical as it 
determines the diameter of the annular gap of the gas nozzle. The size of the annular gap defines the 
flow conditions that can be applied to the atomiser. If the annular gap size is small enough, the jet-to-
cross-flow velocity ratio should be smaller than a critical value so that the liquid jet does not impinge 
on the opposite wall after emitting from the orifice. On the other hand, a large annular gap will affect 
the atomisation quality as the gas velocity will decrease. High speed atomising gas results in a finer 
spray, which was the main concern when designing the cross-flow atomiser. Therefore, the annular 
gap size is a compromise between the range of the applied flow conditions and the quality of 
atomisation. 











           (Equation A-1) 
where 𝑑𝑗 is the diameter of the liquid jet exit, MR is the liquid to gas momentum ratio, MR =
ρL. Uj
2 ρG. UG
2⁄ , 𝜌𝐿 is the density of the working liquid (in the present investigation is water with 
density of 999  kg m3)⁄ , 𝑈𝑗 is the liquid jet velocity, 𝜌𝐺 is the density of the working gas (air with 
density of 1.215 kg m3)⁄ , 𝑈𝐺  is the cross-flow velocity and 𝐶𝐷 is the drag coefficient. For shear 
break-up, 𝐶𝐷 = 3. 
The above equation was developed by Wu et al. [74] and it is based on the conservation of 
momentum, assuming a constant drag coefficient based on the jet exit diameter for the shear break-up 
regime, and it is widely applied to cross-flow studies. 
For the calculation of the liquid jet trajectory, different flow conditions were assumed. For each 
flow condition, the cross-flow and the liquid We number, the Re number and the liquid to gas MR 
were calculated. These are the dimensionless numbers that characterise the atomisation process and its 
quality. These dimensionless numbers were then compared to the corresponding numbers found in the 
literature, as described in Chapter 1.5.2. 
The following plots demonstrate the predicted liquid jet trajectory as calculated by Equation A-1 
for different flow conditions. The vertical axis shows the cross-stream distance and the horizontal the 
streamwise distance in mm. The liquid jet trajectory was calculated for two different jet exit 
diameters; 0.5 mm and 1 mm. The corresponding dimensionless numbers are shown below each plot. 
For the selected flow conditions, the cross-flow Weber number ranges approximately between 1 and 
53 for a liquid jet exit of 0.5 mm and between 2 and 107 for a liquid jet exit of 1 mm. At the same 
time, the liquid Weber number ranges between 12360 and 197740 for a jet exit of 0.5 mm and 
between 1545 and 24700 for a liquid jet exit of 1 mm. The liquid to gas Momentum ratio ranges 
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between 230 and 237000 for a liquid jet exit of 0.5 mm and between 15 and 14800 for a liquid jet exit 
of 1 mm. Finally, the jet Reynolds number varies approximately between 18900 and 76000 for a jet 
exit of 0.5 mm and between 9500 and 38000 for a jet exit of 1 mm. In most of the jet in cross-flow 
studies that have been presented earlier in Chapter 1.5.2, the cross-flow Weber number varies between 
4 and 1400, the liquid Weber number between 1000 and 270000 and the liquid jet Reynolds number 
between 4700 and 120000. The Momentum Ratio is not provided in the cross-flow investigations 
found in the literature. Instead, the Momentum Flux Ratio is given. The liquid to gas MFR of the 
spray produced by the cross-flow atomiser ranges approximately between 0.25 and 4. This range 
agrees with some investigations found in the literature, while in some other much higher Momentum 
Flux ratios were found. This discrepancy is attributed to the different geometries used, and since the 
MR is not given in most of the cases, which also considers the involved geometry, no safe 
comparisons can be derived. In general, the range of dimensionless numbers applied in the cross-flow 
atomiser simulations are reasonable as the comparison between these numbers and the established 
numbers found in the literature agree adequately. The scope of the present study was to apply similar 
dimensionless numbers with the ones found in the literature, so that fine atomisation is achieved. 
After the estimation of the liquid jet trajectory for these flow conditions, the annular gap of the gas 
nozzle can be decided, so that an acceptable range of liquid and gas velocities can be used without the 
impingement of the liquid jet on the wall of the gas nozzle. The annular gap of the gas nozzle will be 
decided after choosing the ideal liquid jet exit diameter. The decided design parameters of the cross-








































A.3. Design of cross-flow atomiser 
After the estimation of the liquid jet trajectory for different flow conditions and two liquid jet 
exit diameters, the geometrical characteristics of the cross-flow atomiser were determined. 
A section of the cross-flow atomiser, as designed in SolidWorks, can be seen in Figure A- 7. The 
air flow is supplied through the four axial inlets, which are placed symmetrically on a cylindrical 
plenum chamber. The chamber, which has an outer diameter of 101.6 mm and an inner diameter of 90 
mm, is closed at the top by a plate, while the other end is connected to a contraction which is used to 
accelerate the gas flow. The contraction ends in a straight nozzle, which has an inner diameter of 38.1 
mm and an outer diameter of 50.8 mm. The liquid is delivered by a long straight stainless steel tube of 
a circular cross-section and has an internal diameter of 5 mm and an external of 8 mm. The tube is 
supported along the centreline of the atomiser main body by an annular plastic ring, which fits at the 
inner surface of the cylindrical plenum chamber, halfway the total length of the atomiser. The top end 
of the liquid tube is connected to the liquid supply, while the bottom end is closed. The total length of 
the liquid tube is 430 mm and consists of two parts; the main part and the nozzle. The latter (Figure 
A- 8) has total length of 30 mm. The liquid jet exit orifice is drilled at the side of the nozzle tube, 
normal to the tube centreline, so that the liquid jet is injected perpendicularly to the cross-flow gas 
stream. Furthermore, this construction allows the modification or replacement of the nozzle by only 
replacing the bottom part. 
The diameter of the liquid jet exit, which is a circular rounded-edge orifice, is chosen to be 1 mm 
(Figure A- 8). This diameter is considered as ideal as the required annular gap of the gas nozzle can 
be small enough, allowing in this way the better acceleration of the gas which can lead to a finer 
atomisation. Furthermore, this is the most common size met in other cross-flow investigations. A 
rounded-edge orifice is preferred as it produces laminar liquid jets, in comparison to sharped-edge 
orifices which introduce more turbulence in the liquid jet. 
For this liquid jet exit diameter, it was found that an annular gap of around 15 mm would be 
sufficient. In the present study, the annular gap of the gas nozzle is defined as the distance between 
the external wall of the liquid delivery tube, which is placed at the central axis of the atomiser, and the 
internal wall of the gas nozzle. It was decided that an annular gap of this size would be a good 
compromise as it would allow the effective atomisation of the liquid jet and at the same time, it would 
provide adequate space for the produced liquid jet to avoid the impingement on the opposite wall. The 
applied liquid and air velocities should be chosen carefully in order to introduce sufficient deflection 
on the liquid jet, while its filming along the length of the liquid delivery tube should be avoided. 
The break-up of the liquid jet should occur within the nozzle so that the atomisation environment 
is not altered. If the break-up takes place outside the nozzle, then the gas velocity will decrease 
significantly as the gas streamlines will diverge in the infinite space. Furthermore, other external 
gaseous streams could influence the atomisation process. Due to the above, some unexpected 
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turbulence might be introduced, which would make the atomisation characteristics unpredictable and 
arbitrary. Therefore, in order to avoid this, the liquid jet exit is placed at a certain distance above the 
bottom of the nozzle. For the described cross-flow atomiser, this distance is 18 mm, providing in this 
way enough space for the break-up length to be accommodated within the nozzle of the atomiser for 
the considered flow conditions. 
To be able to observe the emitted liquid jet and its break-up, the bottom part of the nozzle is 
transparent (Figure A- 9). To achieve this, the straight gas nozzle is extended by a quartz tube of the 
same internal diameter (38.1 mm). The thickness of the quartz tube is 2.3 mm. The cross-flow 
atomiser is designed in such a way so that it can accommodate the optical connectivity technique. For 
this purpose, an optical window with diameter of 2 mm is placed on the liquid delivery tube 
immediately opposite the liquid exit, as shown in Figure A- 9. In combination with the transparent 
straight nozzle of the air flow, direct optical access is obtained at the back of the liquid injection 
orifice, so that a laser beam can be directed into the liquid jet for the purposes of optical connectivity 
technique. 
Provision for an introduction of a swirl gas flow is also incorporated by constructing 8 swirl axial 
inlets normal to the cylindrical plenum chamber just upstream the contraction part, as shown in Figure 
A- 7. A thread is created at each inlet so that they can be blocked when swirl is not required. The swirl 






Figure A- 7. Section of cross-flow atomiser. 
 
 





Figure A- 9. Nozzle of cross-flow atomiser. 
